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present indention is directed to organic light emitting 
devices comprised of a protection layer betwe^ti the hole 
transporting layer and the X*££> anode layer, 

10 

Organic light emitting devices (OLEPs) are light emitting 
deyic&s that are comprised of several layers, in which one of 
the layers is consprised of m organic material that can be 

IS made to electroiuminesce by applying a voltage across the 
device* ^a^gr et al . , Appl* Phys . -Lett £2 , M3 {£987} , 

Certain OLEDs ha*m been shown to have sufficient brightness, 
range of color and c^erating lifetimes for use as a practical 
alternative technology to X*^-fe&sect full color flat-panel 

20 displays (S.R. Forrest-,- P>£- Burrows and #LE, thompson, leaser 
Focus #orld, Feb. 1995} . Furthermore, since many of the 
orf&nid ^ devices are transparent in the 

visible spectral region, they allow for the real ligation of a 
coT^ietely new type of display pixel in which the red |E) i, r 
g£een (G) < and hlne (8) amission layers are placed in a 
vertically stacked geometry to provide a simple fabrication 
process, a small R-G.-B pi&el sise, and a large f ill factor . 

A transparent OLED which represents a sigM Meant step 

30 toward realising high resolution, independently addresa&Me 
stacked E-G-B pixels has been reported in International Patent 
Application Mm, !>CT/tJSp/lS?^0 and £&ft3$$t/#$ : 8M < Such 
TQt*EDs are disclosed to be capaMe of haying greater than 71% 
transparency when turned of f and of emitting light from both 
35 top and bottom device surfaces with high efficiency 

£ approaching 1% gu&nfcum ef ficiency) when the device is turned 
on. The TdLBB uses transparent indium tin oxide (IT03 as the 
hole- injecting electrode and a Mg-Ag-ITO layer for electron- 
injection > A device was disclosed in which the Hg-Ag-ITO 
40 electrode was used as a hole -injecting contact for a second, 



different color -emitting QLED stacked on tog of tha TOiBD . 
Each device in the stacked OLSD i&QSMp) * ^hich is co^riseci; of 
multiple vertically stacked layers, was independently 
addressable and emitted its mm cKaracteristic color through 
5 the transparent organic layers, the transparent contacts and 
the glass mibstrate, allowing the device to emit any color 
that could be produced by varying the relative o^tptit of the 
red and blue color -emitting layers* 

10 thUB 4 publication of *GT/SS9"S/1S.790 provided dlsolosiire of an 
integrated OLID where both intensity and color could foe 
independently varied and controlled with external power 
sopites in a color tunable display device. As such, 
PCt/DB^S/XS7^0 illustrates a priheiplt for achieving 

15 integrated, full color pixels that provide high image 

resolution* which is made possible toy the compact pixel &ize\ 
Furthermore^ relatively low cost fabrication techniques, as 
eosHpared with prior art methods, may be tttiliged for malting 
such devices, 

20 

Devices who&e structure is based upon the use of layers of 
organic optoelectronic materials generally rely on a common 
mechanism leading to optical emission, l^ically, this 
ts&efeanism is based upon the radiative recombination of a 

2S trapped charge* Specifieally y organic light emitting devices 
comprise at least two thin organic layers separating the anode 
and cathode of thfe device. The material of one of these 
layers is s#edil ieally chosen based on the material *s ability 
to transport holef (the *hole transporting iayer^ or K HTL^ and 

30 the material for one ai the other layers is specif ically 

selected according to its ability to transport electrons (the 
^electron transporting layer* or *W£lf) , With such a 
construetiojv the device can be viewed as a diode with a 
forward bias when the potential applied to the anode is higher 

3S thas* the potential applied to the cathode > Under these biaa 
conditional the anode injects holes (positive charge carriers) 
into the hole transporting layer:* while the cathode injects 
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^lectroft^ Into the electron transpo^tiiig layer. The portion 
of the luminescent medium adjacent to the anode thus forms a 
hole injecting a^id transporting zone while the portion of the 
luminescent medium adjacent to the cathode forms an electron 
5 injecting and transporting sdns. injected holes and 

electrons each migrate toward the oppcaiteiy charged 
electrode* $heh an electron and hole localise on the same 
molecule a Prenkel e&citou is formed. Recombination of this 
short-lived state may be visualised as an electron dropping 

ID from £ : t* ooiid^ction potential to a Valence band, with 

relaxation occurring, under certain conditions, preferentially 
via a photoemisBXve mechanism. tJnder this view of the 
m^chai^i^ of deration of typical thin-layer organic devices, 
the electroluminescent layer compri^e^ a luminescence sone 

is reoeiving labile charge carriers {electrons and holes) from 
each electrode. 

The materials that produce the electroluminescent emission are 
frequently the same materials that function either as the 

20 electron tr&n&porting layer or as the hole transporting layer. 
Such devices are referred to as having a single 
h^terostrtictiire , IQternatively^ the elect rolumirie scent 
^material may be present in a separate emissive layer between 
the hole transporting layer and the electron transporting 

25 layer in what is referred to as a double heteroetructure, 

■m addition to having the emissive material present as the 
primary material in the electron transporting layer ot in the 
hole transporting layer, the emiasive material may also be 

30 present as a dopant that is contained within a host material. 
Materials that ire present as host and dopant are selected so 
as to have efficient energy transfer between the host and 
dopant materials, It is de air able for OkEBs to be fabricated 
using ®% teriala that provide eleotrbiBmineacent emission in a 

35 relatively narrow band centered near selected spectral 

regions, which correspond to one of the three primary colors, 
red, green and blue so that they may he used as a colored 
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layer in an OLED or S0L*E&> It would be desirable, in 
particular, to be able to select these expounds from classes 
of compounds in which the emission may be varied by 
selectively varying tte ^ubstituentB or by modifying the 
5 structure of the base compound that producea etniasioxi, In 
addition, these materials need to be capable of producing 
accep table electrical properties for the OLED, Furthermore, 
such ho&t and dopant maberi&ife &re preferably capable of being 
incorporated into the MMB wing starting material 0 that can 
XO fee readily incorporated into the hole transporting layer or 
electron transporting layer wing convenient fabrication 
techniques > 

mmm&r&tim of eflicient Me^^^mxmBQ^nm from vacuum 
IS deposited molecular organic light emitting devices has 

generated ..interest- in their potential application for emissive 
flat panel displays. To be useful in tow cost, active matrix 
displays, device structures which are integratable with pixel 
electr&nies need to be demonstrated, % coivventidnal OLED is 
20 grown on a transparent anode auch as XTO, and the emitted 
light is viewed through the siibstrate, complicating 
ihtegrat ion with electronic components such as silicon- based 
display drivers. It is therefore de^ir^le to develop an 01MB 
with amission through a top, transparent contact * & surf ace- 
2S emitting polymer -based 01MB grown on silicon with a 

transparent ITO and a semitransparexit Mi or Al top anode haa 
been demcnstrated> D*R« B&igent, et al < , Appi * Phys. Lett, £$< 
263$ (1994); H*H. Mm f et al* , : <J< Lightwave fechtial* 25, 210? 
11994) > 

30 

A similar integration of molecular with silicon was 

achieved using a tunneling Si0 2 interface* Kim et al> The 
tunneling interface, hcwever, increases the device operating 
voltage, and can be avoided in Structures auch a£ for the 
35 recently reported transparent T0&BDs ? V* Bulovic, et al , , 
ilp llli 29 IIS 90) Ft al., Appi , i>ftysu &efei< 

il9B$) , which can, in principle .* be grown on a silicon 
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substrate. The TOI^D anode, however, forms the electrode 
contact ch is in direct: with the substrate, *the 

bottom contact", whereas for display drivers employing n~ 
channel field effect transistors INFERS 5 * such as amorphous 
S silicon mms, it would fee desirable for the bottom contact of 
the mm to be the cathode, This woxild retire fabricating 
inverted OX>EBs flOtBDsi^ that is, devices in which the order 
of placing the sequence of layers onto the substrate is 
rwrMd. For example, te 4 single heterostriicture OLED, the 
10 electron- injecting cathode layer is deposited onto the 

substrate the electron transporting layer is deposited on the 
cathode., the hole transporting layer is deposited on the 
electron transporting layer and the hole^iajecting anode layer 
is deposited on the hole transporting layer* 

IS 

Fabrication of such IQLEDs, thus requires that the XTO anode 
layer be eputter-depoaited directly or indirectly onto 
relatively fragile organic thin films. Since the ITO layer is 
typically deposited using conventional sputtering or electron 

20 beam methods so as to produce layers having a thickness from 
about A tip to as nmch as 4000 A, it is desirable that 
these layers be deposited at the highest deposition rates 
passible so as to reduce the time necessary to prepare such 
layers, mx exaa^le, it has been found that while the ITO 

25 layer may be deposited at a rate of up to 50 -100 A per minute, 
or more, whenever the ITO layer is deposited on a bare 
^tibsf rate . However, the deposition rate may he only about 2~B 
A/minute, if the ITO is deposited directly onto an organic 
layer or onto a Mg:&g surface that is typically deposited over 

30 several organic layers. Since the organic layers are highly 
vulnerable to da«ge **hen subjected to the beats of high energy 
particles that are used at the higher ZTQ deposition rates, 
higher deposition rates can cause substantial damage to the 
underlying organic layers, thus causing unacceptabiy large 

35 deterioratiori in the overall performance of the OLED, 

Whenever the ITO layer of an OLSD is deposited onto such 
fragile organic surfaces, it would be desirable if the ITO 
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layer could &e deposited; at substantially higher deposition 
rates than have been posMMe until now, 

In additiaxt, it would fee desirable if the &6%& inaction 
5 charateteri^ties of the hole injecting layer could be improved. 
It m& been shorn that copper #ithalocyanlne (CuPcl can serve 
as an eff icient hole Injection layer in conventional OLE0s f 
S,A< VtenBlyk® et al*, A&pi* Phy&< &iit£ 2l$Q {1990 ami 

Mt* No. f^?iO> 43S and it had prevdou&ly been established 

10 tb&^ di anhydride (^TCM) is 

an ef f icient bole transporting layer , :#< : .8U Mrrws et &I> r 

Lett, 64, 2285 (WS4h '% Mulovi® at &I C&em. 
l%y^ 510., I (MM) ; and Bulo^ic et al< C&em, Mij^a* MO, l| 
(139$} ; rmpecti wely , Wutthmmom, the u^a of PTCD& in a 

15 phot ode tec tor structure with an I TO electrode deposited oxi the 
film Surface, F. F* $& et al , f IEEE, trans* BlBctron . Bevices 
36% ft9.0 : 9). r has previously demonstrated that this material 
can withstand sputt^x-Se^sition of ITO with minimal 
degradation to its conducting properties . 

20 

Conventional displays, including hW (liquid crystal) and 
Convent ional Q&E0 (organic light emit ting device) displays, 
have the additional disadvantage of not feeing well suited for 
viewing under bright ambient light. As illustrated in Fig. 

25 ^ ht such as the 

mm? is reflected £ rots one or more layers {primarily the 
metallic layers) of a conventional display D. The reflected 
light E interferes with the ability of a viewer V to view 
information hearing light I generated by the display D> 

30 thereby reducing the perceived contrast of the image generated 
by the display A need> therefore, exists for an QLEB 
display with ir^roTed contrast which can be viewed under 
bright ambient light conditions. 
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Th® present invention is directed to QlMtt®, and a method of 
fabricate i ng such O&E&s, that compri&e a haterostrticture for 
producing al^ctrDltj^ina seance wherein the heterost rupture 
S includes a layer, between the hole transporting layer and the 
ITO anode layer, that protects the underlyixig organic layers 
from damage during the ITO sputter deposition process. 

One of the features of the present invention is that the 
10 protection layer siay be uaed in OLEDs not only for protection 
of the underlying organic layers, but the protection layer may 
also mzv® as a hsle injection enhancement layer. Bxampi^ of 
preferred embodiments of the present invention* in which the 
protection layer may aiao function as a hole injection 
15 enhancement layer as disclosed in U.S. Serial Ho. m/ttS> 
f iled Bay 29, include or related arylene-based 

*Bie present invention is further directed toward an improved 
20 at&thod of preparing the ITO layer of an O&ED wherein, during 
the course of preparing the ITO layer, the deposition rate is 
increased from a relatively low initial deposition rate to a 
^bstantialiy higher deposition rate after the depositing ITO 
layer has reached a sufficient thickn^aa such that damage to 
2S the tinder lying layers is prevented. More specif ically, 
another aspect of the present invention is directed to a 
vacuum deposition process in which the initial deposition rate 
is. increased by a factor of about five- to ten-fold after a 
layer thickness of about SO A to about 200 k is reached. 
3D Still more specifically, : t£Hi» --aaigiJ^fe : t^h* i/^^jieariiitt:.: invention 
is directed to a process in which the initial deposition rate 
is about 2-S A/tftintite and the final deposition rate is at 
least about 50- £0 A /minute. 



35 'jfhe present invention is still further directed to a M gh 
contrast, transparent organic light emitting device ITQLED) 
display wherein the contrast of the display is improved tay 
minimizing the amount of li^ht ' ."s<kil$feted fjfeom' .thfe; dUsplay'v 
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This is accomplished by the use df a display with a TOLED 
structure and by the arrtng^maBt of a low- reflectance: absorber 
behind the TQhm display; fOL&Da have subsfcantially 
transparent conducting layers and as such do not reflect light 
5 as do the metallic conducting layers of conY^ntional 0LSDs> 
The low- reflectance absorber arranged behind the TOLED display 
acts to absorb fefee light which passes through the TOLED 
display, The majority of %.he light incident on the TOLED 
display is absorbed by the low- reflectance a&^rber, with very 
10 little of the incident light reflected back to the viewer. 
This conf i gyration provides improved contrast of the image 
displayed by the dis^i&y* The display of the present 
invent ion also exhibits improved contrast for images of 
different colors* 

15 

the present invent ion is further directed to O&EDs coraptised 
of host and dopant ootnpounde which in combination may be used 
to produce emission in a relatively narrow band centered near 
th& saturation wavelength of one of the primary colors, 

20 

Farther objectives and advantages of the present invention 
will be apparent to those skilled in the art from the detailed 
description of the disclosed invention. 

Fig. 1 shows a representative for a single 

he teroa tructnrai device 

Fig, 2 &how& the forward bias current-volt^ 
30 charaetaristica of 0,05 mm with PTCDA and CuPe 

protective cap layers f^CLsi , which function as hole injection 
enhancement layers, and of a device with no 

Fig. 3 shows the luminescence intensity vs. current (ts«%) of 
IS the iOLEDs in Fig, 2> 

Fig, 4 shows the characteristics of the shape of the EL 
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emission spectra of XQXM8& with hols injection enhancement 
layers as compared to that of conventional Alg s * based OkEDs not 
having the hole injection enhancement layer * 

5 Fig. S BhmtB the current vs. voltage of an OtEO with and 

without a 60 A l>TCDA layer between an XTO anode layer and an 
MK) hol& transporting layer > 

fig. $ shows a cross section of an OIjED containing an I TO 
id layer prepaid: in two stages, the first stage being prepared 
using a low XTO deposition rate and the second stage being 
prepared using a substantially Higher Xi?0 deposition rate. 

Fig. ? shows how the resistivity of 1000 A IT© layers 
15 deposited an glass with an Ar f low of 2QQ ("standard 

om 3 /Mnutel and at a pressure of S rr^orr and at 45 W of &F 
power varies as a function of the 0 Z flux. 

Fig. 8 shows how the absorption of 1000 A thick 1TO layers 
20 deposited at 45 W of RF po*?er varies as a function of 

wavelength and as a fimction of 0 £ flux (for an &r flow of 200 
acem, a pressure of 5 mTorr , a rate of 0 , 8 A/sec and onto a 
glass subatrateJ , 

as Fig* B atotfs how the I-V characteristic of a made using 

the higher XTO deposition rates (as shown by the small open 
circle^} comparer with the X~¥ eh&raot eristic of a fOLED for 
which the XTO layer was prepared entirely at the slower XTO 
deposition rate {dashed line) , 

30 

Fig, 10 shows a representative omu for a single 
heterostructural device , 

Fig, XI shows the phbtolu^ine^oenoe (PL) spectra of 
35 aluminumtria IS -hydroxy-^ al^inum tr is ($ * hydroxy- 

quinpl ine) **nd gallitim bis | S« hydrp^- guinoxal , 

- $ ~ 



Pig, X2 siteMs the ^i@ctr^>lu^inescence spectra of 01MD& 
containing an emisai^e layer of alttminumtris (S-h^droxy* 
quinoxaline) witlt and witfeoxit the inner salt of a Msphenyi- 
a<piarilium compound of formula III as a dopant. 

5 

Fig. 13 sho**s the X~V eharacteristie^ of aitiMnuistris (5- 
hydro^~#£in^ with and without: the inner salt of a 

biBphenyl-squar ilium confound of formula VI aa the dopant ; 

10 3?lcf> 14 aho^s the photpltimirieacant spectra of the host 

compounds &lq3 and &1% as compared with the afesorlbance spectra 
of the dopants ; the inner salt of a htisphenyl-B<|uarilium dye 
{ # BiS^OH*i an indigo dye compound and a fullerene compound, %v 

15 Fig > IS shows the phctolumiiieaoent spectra of the dopant 
compounds in solution, the inner salt of a Msphenyi- 
s^uarilium dye ^BIS- OH w ) (in CH^CX^) , an indigo dye compound 
{in DMSO) and c w (in toluene) . 

20 Fig. IS shows the electroluminescent spectra of TPD^Mq^/C^ 
devices as a ftinction of increasing C m concent rat ion in the 
ho m &1% material. 

Fig. I? shows the electrol»irieaeent spectra of TFD-M^/(the 
25 Maphenol^squariliuffi dye of formula XI) devices as a function 
of the bisphenol -aguar ilium dopant concentration in the 
hoat material - 

Fig, I S shows t he electro luminescent spectra of f the 

30 fclsphenoi-g dye of fcr?mila XI) devices aa a function 

of the Ms$>henoi~^ dopant concentration in the hoat 

material . 

Fig. 13 shows the electroluminescent spectrum of the f £D~&lx$/ 
35 indigo dye compound device with a 1*7% indigo dye compound 
coh cent rat ion. 
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Fig + 20 aho^a representative compound according to formula 
XXXI, 

Fig, 21 &hm?s a conventional display device under bright 
5 ambient light conditions . 

Fig. 22 showa a high contrast TOLED display, in accordance 
with the present indention, under bright ambient light 
co&dit iona * 

XO 

Fig* 23 is a cross -sectional view of a first embodisiient of a 
high contrast TOLED display, in accordance with the present 
invention, 

IS Fig, 24 is a cro^s-Bectioiial view of a second e^odiment of a 
high contrast TQLBD display, in accordance with the present 
indention* 

Fig, 25 is a cross sectional view of a stacked light emitting 
20 device, in accordance wi th a 1 imt emfeadlment of the present 
indention, 

Fig> 2$ is a cross sectional yiew of a stacked light emitting 
device , in accordance with a second embodiment of the present 
25 invention. 

Fig, 27 Is a cross ^ectioaai view of a stacked light emit ting 
device, in accordance with a third etnbodimejtit of the present 
invention* 

30 

Fig, 28 is a cross sectional view of an inverted stacked light 
emitting device, in accordance with an ^mhodixnent of the 
present invention. 

35 Fig, 2$ shows an OLEB with a distrihuted Bragg reflector 
structtire . 
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The present invent ion will now he described in; detail for 
specif ic pre^ of £)m xme^imxt i£ 

understood that these embodiments are intended only as 
S iliu^tratiye examples arid the iiivenfcioti is not to foe limited 
thereto, 

the OLEDs of the present indention are comprised of a 

bete restructure for producing electrolaminaacerjC:e wMsh may foe 

10 fabricated as a single heteroatructure or as a double 

hetera^truot^re. *?h& materials, methods and apparatus for 
preparing the organic thin films of a single or double 
heterostruot&re «e disclosed, for example, in latent Ho. 

5/554, 22:0 , which is incorporated herein in 

IS reference. As used herein, the term "haterostrueture for 
producing elect rolurFiinescenee" refers to a tieterostructure 
that includes, for a single feeterostructure, in sequence* a 
hole injecting anode layer, a hole transporting layer, an 
electron transporting layer, and a cathode layer; &n 

2D additional layer or layers may be present between one or mom 
of the ge<pentlal pairs of these layers. For example, for a 
double heterostrueture, a separate emissive layer is included 
between the hole transporting layer and the electron 
transporting layer, 

25 

Either the anode layer or the eatbode layer may be in contact 
with a sub&trate and each electrode is connected to electrical 
Contacts which are capable of delivering a voltage across the 
device causing it to produce electroluminescence from an 

30 el^ctiron trah^o^tihg layer, a hole transporting layer or a 

separate emissive layer. If the cathode laye# is deposited on 
tim substrate, the device may be referred to as having an 
inverted OLED {IQLip} structure- &xv inserted structure may 
also be referred to as an structure^ If the 

35 het eras true tu re for producing eiectroiuminescence is included 
as part of a stacked OLED (SOLED) > One or both of the 
elect rodea of an individual h^ in contact 



with an electrode of an adjacent beterostructure v 
^I^ern^tlvely> dependent on the circuitry used to drive the 
SOLED, ati insulating layer tnay be provided between the 
adjacent electrodes of the OkSDs in the stack, 

S 

The single or double Mterpat^u^tures as referred to herein 
are intended solely as examples for shoeing how an OLED 
e^odyingf the pre^nt imre&tiien my k fabricated .-Without in 
any intending the invention to be liMted to the 

10 i^xtiicular materials or sequence for making the layers shown. 
For example, a single heterpstr\icture typically includes a 
substrate whi^h My fee opaque or tr^n^pa^erit , rigid or 
flexible * and/or; pl^etic, metal or glass* a first electrode, 
^hich is typically a high work function, hole ~lnj acting anode 

IS layer, for example, iiidi^ til (XTQ) anode layer; a 

hole transporting layer; an electron transporting layer; and a 
second electrode layer, for example, a low work function, 
el ectroii-- injecting, metal cathode layer of a mgnesiiitn- silver 
alloy, |Kg>Ag) or of a lithium-aluminum alloy, iLix&i), In 

20 the pref erred einfeadimenta of the present invention, the order 
of these layers may be reversed or inverted, such that the 
cathode layer is in direct contact w'i : 6h the substrate v 

Preferred materials that may be used as the Siibstrate in a 
35 represent at ive embodimeitt of the present invention include, in 
particular, glass* transparent polymers such as polyester, 
sapphire or quarts, or aabatant tally any other material that 
may fee used as the substrate of an 

30 Preferred materials that My fee used as the hole- injecting 
anode layer in a representative etafeodi merit of the present 
invention include, in particular, ITO, Zn- Xn-Bn% -or SbO^, or 
EuJbstantialiy any other material that may be used as the 
hole -injecting anode layer of an OLED , 

35 

Preferred materials that may be used in the hole transporting 
layer in a representative embodiment of the present invention 



include < in part icul&r * 

8 r t$* -diphenyl -M, -bis c 3 -methyiph^yj l-l < foiphenyl -4 >. 4 * diamine 
or 4 /4 * -foia (H- (2-nai>hthyl) ~$~pheny^ (P-Ifpt)} 

S 

Preferred materials that may be used as the electron 

transporting layer include , in particular, 

tri$~ 't : Ai«|j) and carfoa^ole. 

10 Preferred materials that may be used as the separate emissive 
layer, if present , include, in particular, dye-doped or 
substantially any other material that may foe used as the 
separate emissive layer of an OLHD. 4 

15 The insula ting layer, if present, may be comprised of an 
insulating material such as SiQ^ 3iM# or Al^Og.* or 
0Uto^ta:nt ially any other material that, may be used as the 
insulating material of an which may foe deposited by a 

variety of processes suck as pla&« enhanced chemical vapor 

20 deposition fFECtfD)'-, electron beam, etc. 

The Q&BDs of the present invention may also include doped 
layers such as disclosed in &*A* V&nSXyke et al , , 4ppl > Phys < 
&ett 70 f T&&5 (1997) and Tang et al., J\ ^ppl. Pftys- 64, J 610 
2S {£9&#i, which are incorporated herein hf reference. 

The 0LED& of the present invention have the advantage that 
they can foe fabricated entirely from vacuum-deposited 
SBblecular organic materials as distinct, for example, from 

30 OLEDs in which some of the layers are coirtprised of polymeric 
materials, Polymeric materials typically require solvent- 
based methods such as spin coating Vacuum deposition 
methods, rather than solvent-based deposition of polymeric 
materials, are particularly suitable for use in fabricating 

35 the OiiED's of the subject invention since such methods permit 
integration of all the vacuum deposition steps into a single 
overall sequence of steps for fabricating the OLSt), Such 
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vmthodB 4 tUiis* do not retire the use of solvents or the heed 
to remove air sensitive layers from a vacuum ofeamfeer^ suck 
that the lasers will fee exposed to atnbient conditions. A 
vacuum -depos St ed material M one tisait can be deposited in a 
vacuum paving a background pressure less thaxi one atmosphere, 
preferably about 10'* to about i{T u torr, 

Mthougrh hot limited to the thickness ranges recited herein, 
the substrate iaf be as thin as 10 \im (micrometer) , if preterit 
aa a flexible pl&^tio or metal foil substrate, such as 
aluminum foil, or substantially thicker if present a& a rigid/ 
transparent or opaque, substrate or if the substrate is 
oompri&ed of a silicon-based diaplay driver; the XTO anode 
layer may be from about SDO A (l A *> io"*' cm) to greater than 
about 4000 A thick; the hole transporting layer from about SO 
A to greater thah about lOOO A thiok; the separate emissive 
layer of a doubly heterostructure^ if present , from about SO A 
to about 200 A thick; the electron transporting layer from 
about 50 A to about 1000 A thick; and the metal cathode layer 
from about SO A to greater than about 100 A thick, or 
substantially thicker if the cathode layer Includes a 
protective silver layer and is opa<|ue. 

Thus, there are substantiai variations in the type, number, 
thickness and order of the layers that are present, dependent 
on whether the device includes a sihgfle heterostructure or a 
double heterostruottire, whether the device is a SOLED or a 
single OLED, whether the device is a TOLED or an IQLED, 
whether the OXiED is intended to produoe emission in a 
preferred epectral region, or whether still other design 
variations ere used. 

The present invention is, however, directed in particular to 
aubstantially any type of OLED structure ih which a protection 
layer is present between the hole transporting layer and the 
anode layer. More specifically, the present invention m 
directed toward OLEDs that include a protection layer that 
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functions as a protective cap layer WSh} for reducing ITO 
sputtering damage to the underlying organic layers duringr 
fabrication of the <ME8s, tfee present invention is further 
directed to the QLEDs having the enfeaiwad hole infection 
$ efficiency properties observed for OLEDs containing such a 
protect io& layer, the enhanced hole injection efficiency is 
characterised by having a higher injected current at a given 
forward bias, and/or a hi<| her j«axi» current before device 
fMlura, & %ole injection Enhancement layer* is , thus, a 

10 layer that w&y bs characterised as a layer that produces a 

current that is at least about 10% higher e typically abo^t 50- 
100% higher or still higher, than a similar device that lacks 
mah an additional layer. Such layers are believed to provide 
improved matching of the energy iev&l& of the adjacent layers 

IS in a manner that results in enhancement of hole injection. 



The protection layer, ^hich may also function as a hole 
infection enhancement layer, may ba formed, for exataple, by 
deposition of a phthaiocyanine comjDound or of 3,4/&/i0* 
20 peryienetetracarboKyiic &ianhy&ride (FTCD&l t 




bis (1 > 2 > 5 - thiaiiassolo) -p-giilnobis ( 1 f 3 ~di fchiole] (B^QBTl > or 
other suitable, rigid organic mate rials, such m shown by the 
25 following compounds t 




- is - 




where E * H, aikyl or axyl; 




where R « -HV IX/4 , ; 
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where R CH 3> {$,1^ M 




10 having a Index nama y bisban^imida^o [2 , I-at 1 ^ , 2 r - 

b'l ant hr a [2,1,9 -del; 6 , 5 21-&iane> 




having a £A index name, Msnap&^ 

a :■: 2 * , 1 * - a' j ant hra [2 , 1 , 3 - de £ ? 6 / :S < 10 -dVf-} di i soouino 1 i ne -1 0 ,21 - 
diona ; 




5 havih$ & cm index name, feisfoenzimida^o I2 r l»ht2* > l' ~ 
i 3 limn} [3 , ejphen&r^^ 




havi&§ a m ixide^ n&pe^ 
10 benmo UmQ bi&naphth|2 .1 ,3* i 4 , Sj ienidasiQ [2 , 1 - b s 2 * 1 * - 
X] 13 , Sj £henant hrol ine - 9 * 20 -dione . 

% .substitute dMlvativa of any one of these perylaae, 
napbtfelane, isoguinoline, phthalooyaM&e, or phenan thrall m 
IS based compounds, or family of compounds, may also fee used 
**hi le remaining within the aeopa and spirit of the present 
invent ion > 

■Sn one of the preferred e^odima^ts, the cathode is deposited 
SO as the bottom layer on the substrate onto whtch the invart^d 
is deposited, mm an inverted DLEB has the advantage 
that it can be fabricated entirely from vacuum- deposited 
molecular csr§a^iG materials as distinct, for example, from 
OLBDs in which same of the layers are cor^riae of polymeric 
2S materials, which cartndt foe readily deposited using vacuum 

dapoaitioh techniques. Shile a protf otiye layair was typically 
mot necessary in inverted polymer- containing mMQs since the 
glass transition temperature (T 8 ) of polymer materials is 
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•■typic&ily ■ much higher and, thus, More resistant to damage 
induced by I TO sputtering, than the T s of molecular (non- 
polymeric) organic material^ ■> such inverted poller- containing 
OLEDs cannot be readily fabricated using the vacuum deposition 
S technoio^ that is readily available for -preparing ■ OLEDs - The 
protective cap layer is typically comprised of a crystalline 
organic layer that protects the underlying hole conducting 
material £ rotn damage incurred during sputter deposition of the 
1T0 anode* 

10 

The present invention is, thu&, directed to 01*10© having 
organic layers that can be fabricated entirely from yacuuin^ 
deposited materials , Moreover* the present DLEDs are 
comprised of vacuum- deposited molecular organic materials that 
IS contain a crystalline organic layer that may serve not only to 
protect the underlying hole transporting material from damage 
incurred during sputter deposition of the I TO anode but such a 
layer may also serve as a hole injection enhancement layer, 

20 The forward bias current - vol tage U-V} characteristics of 0,05 
mm* imM>B with $T€m and CuEc PCI^, which are ®h®m in Fig. 2, 
show that these characteristics are similar to previously 
reported convent ional XOLEDs , where trap limited conduct ion 
was observed, Z* $h&n et al» > Jpn* 3* Appl . Phys, 35, L401 

as p.e, Bmmm *J» Mppl> Pkys* ?S f ?9B I (ISM), li t* 

yrmity Wox the XOX^Ps, m - S independent of the details of 
the particular device structure or PCL thickness , The EL 
brightness at a current density of xo mfm£ was hetween 40 and 
100 ed/m* for all devices, independent of details of the KXL, 

30 PCX* or anode structure. The XOLEDs, whose characteristics are 
presented in Fig, 2, are a repreaentative sample of devices 
with different thicknesses of PTCD& or OuPe, The operating 
voltage of WlMOs alloying CuFc as the PCL was independent of 
Cu£e thickness between 40 A and 170 A, In contract, the 

3S operating voltage of FTCD&~pratected lOLEDs abruptly decreased 
by i > 5 V as the PTC£*& thickness increased from 40 A to 0 k y 
The wit age drop across the PCL is typically small compared to 
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' that across the rest of the device, since and Cufc are 

bdtfe thinner and more conductive. Therefore, the abrupt 
change in the £~V characteristics ref i ^ c 3 a change in the 
hole injection effieiency £ ram the ITO contact. 

S 

$hile not int eliding to foe limited to the precise theory of how 
the hole inject ion efficiency is enhanced for OLEDa containing 
a PCh t the enhancement is believed to fe& partly due to the 
reduced damage of the vacuum deposited hale tra&eport layer 

10 during deposition of the XTO layer and partly due to a reduced 
barrier for hole injection f t®m ITO into the hole injection 
e^ha^ce^ent layer, The ITO spatter deposition typioally 
inflicts film damage to the top- most organic layer. This 
damage results in only a 30% yield out of 15 devices with no 

IS FCL, as compared to 100% yield for devices with either a PTOD& 
or CuPc ICL, The abrupt increase in the operating voltage for 
$OLBDs with < 40 A thick PTSD& layers occurs wh^n the 
thickness of the damaged region is comparable to the PCL 
thickite^s , At this point, further deposition of ITO degrades 

2 0 the T£D which become^ directly exposed to the sputtering 

The presence of the PCL also influences the maximum drive 
current before device brealcdaten { 1^) , where for an IDLED 
25 with no PCL is only 10% of that obtained for XGLEDs #|fch 
either a £TCD& or CuPc PCL> The differences in 1^ are 
evident in both Figs- .2 and 3> where all XOLEDs ^ere driven at 
continuously higher currents until device breakdown occurred > 

30 The PCI* iB f therefore, shown leraife to protaet the underlying 
organic materials, to decrease the IDLED operating volt^e, 
and to increases 1^ of the lOLBDs prepared containing the 
PCL. A similar decrease in the operating voltage was 
previously observed for conventional OLEDs with a CuPc coated 

35 ITO anode, 11. V&n$2yk& et al > t Appl , Phys , Lett €&> 2160 
4l$$0} < This is believed to be due to a reduced energy 
barrier to hole injection from the ITO into CuPc as opposed to 



the energy bm rier bet ween the ITO and the HTL, the lowest 
transit ion voltage (i.e. the voltage at which ohmic conduct idn 
m& traj> limited conduct ion are e<juaij was aehiev^d for 
with > 100 A thick PCI*s< *rhese results show an enhanced 

§ hole injection efficiency as compared with J0X*£D devices not 
including the FCL. 

Fig, 3 shows the light intensity vs, currant (L- I) response of 
the XO&EDb in fig. 2 , The external EL s|ii&ntu^ efficiency of 

10 the protected IQLEDs was n « (0.33 ± 0> Oil n * (0,30 ± 
0*62) % for the tmprotected: devices. This difference is 
beHe^ed to be due in part to ato^orpt ion by the PGL , since 
both CuPo and exhibit a strong absorption at the peak 

Mq 3 emWion wavelength of 530 nm. For example, ^decreases 

15 by is* as the CuPc PCI* thiokneee increases from 40 k to I?0 A, 
Similarly, r$ for PTCDA- protected XOkiPar decreases by 25% with 
mi increase in FTCX3& film thickness frop 10 A to 120 A, 
eons? -is tent with WtQDh absorption* The origin of the remaining 
difference in r\ between XOLEDs with and without, a FCL is not 

20 under sto0d> although it is believed that defect© at the 
mm&flTO interface may scatter a fraction of the emitted 
light back into the where it can experience further 

absorption, A different PCL material, some of which are 
described above , #iich is traaB^arent to Mg 3 emission is thus 

25 expected to increase the lOLtED efficiency somewhat* The shape 
of the EI* emission spectra of IQL*E£>s with W€L<b is similar to 
that of convent ioaa i Al% -based OLEDs (tig , 4) , the IQMD 
spectrum with a SO A thick mm& PCL is slightly broadened due 
to the P€h absorption, 

30 

The results shown in fig * 5 show that a surf ace -emit tirig, or 
inverted organic LEO I IDLED) with a cathode as a bottom 
contact and using a no^el anode comprised of an organic hole- 
injecting ML and a transparent, sputter^ deposited ITO thin 
3S film cduid produce enhanced hole injection efficiency as 
compared with IQLBfes lacking such a F£l*> The I0LED can be 
grown on top of any s^oth substrate to which the cathode will 
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adhere, including opague substrates such as Si and metal 
foils* The XOIjED I*V characteristica and EL spectra were 
similar to that of conventional GkEDs* while the operating 
yoltagfe is higher and efficiency somewhat decreased, 
S indicating the n<&ed for further optimisation of the device 
contacts. 

Still another aspect of the present invention is directed to 
an alt emative method lor reducing or preventing the I TO 

10 sputtering damage. This t^th^d maty be used in place of or in 
addition to using the protection layer > In this ^tbod, the 
ITO layer is depo^i ted initially a t a relatively low ITO 
deposition rate ao as- to avoid causing damage to the 
imderlyxng organic layers and then the ITO layer is deposited 

15 at a relatively high rate, so to reduce the time required 
to fabricate the OLEDs , In particular, during the initial 
$tageg of the ITO de|jo^itAon process , when substantial damage 
to the OLED surface may occur* the ITO deposition rate is 
preferably only about 2-5 A/minute . However, af ter the 

20 growing IT® layer reaches a certain threshold thickness that 
is sufficient to protect the underlying layer or layers, the 
deposit ion rate may be increased several f61d f preferably, to 
a deposition rate that is at least S to 10 times higher than 
the ihitiai deposition rate. Though the improved ITO 

25 deposit ion method is preferably used in combination with a 
protectioii layer, the iTsspro^ed ITO deposition method may in 
some cases be used without u&ing the protection layer. 

Fdr the RF power supply used to prepare the ITO layers 
30 according to the subject method, which wms an Advanced Energy 
&T&h^ Fort Colli ns, Colorado, USK f the 

power settings may he varied from about for the low ITO 

deposition rates and from about for the higher lit) 

deposition rates , Thus, in going f rom tM law If O deposition 
3S rate up the higher ITO deposition rate, there may be an 

increase in the power settings of the RF power supply from as 
much as about a 3- fold increase up to about a 40- fold 
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increase. Preferably, the increase is such as to produce an 
increase in the ITO deposition rata of at least from afedtifc a 
S~fold increase up to about a 10- fold increase T 

5 The underlying layer or layers may be a thin and relatively 
fragile Mgr&g cathode layer, an organic layer that is Mder 
the &g>&g cathode layer, ahd/or an organic layer, such as a 
hole transporting la^er, onto which the ITO layer is directly 
deposited, for example, whenever an IDLED is being fabricated, 
10 As ^escribed herein, & low ITO deposition ratte is one for 

which no practically discernible damage to a fragile layer can 
foe detected and a high ITO deposition rate is one for which 
discernible damage to a fragile layer can be detected. 

IS & threshold thickheiia of ITO that is sufficient to protect the 
underlying layer or layers f gem dam&ge during the ITO 
deposition process^ herein referred to as a "protective ITO 
layer , ** is one for which no practically discernible difference 
is observed in the I-v characteristics for dLEDs prepared 

20 using the higher ITO deposition rates, as compared with OkEDs 
wherein the ITO layer is prepared using only the low, nan- 
daiaaging, ITO deposlMoh rat as , m practically discernible 
difference in X~V characteristics is one for which, over the 
range of voltages applied across a particular OLSD structure, 

25 the voltage required to obtain a particular current is within 
about 20% of the value that can be observed for that 
particular OLED atructnre whenever the ITO is deposited only 
at the low, non-damagixxg, ITO deposition rates. 

30 While the threshold thickness of the growing layer of ITO that 
is required to protect the underlying layers may vary 
depending on the actual mt&ri&l® that are in the underlying 
layers, this threshold thickness Is preferably about SO to 200 
At and more preferably about SO to 100 A* before substantially 

35 increasing the deposition rate. While the maximum rate that 
may be used without causing damage may also vary over a 
substantial range, also depending on the actual materials 
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being coated, the deposition rate may be increaseci from about 
2~S k/mxtmtB to at least about SO to about 60 A per minute. 
Progra^iBg the deposition process 00 as to gradually and 
eontinnousiy increase the ITO deposition rate throughout the 
S process or, alternatively, to continuously increase the ITO 
deposition rate only after a certain threshold ITO thickness 
i& reached also falls fully within the scope and spirit of the 
present in^enti0n. In such cases, whenever the ITO deposition 
ra£e is increased gradually and coptinap\isly> it is to be 
10 understood that the threshold thickness that is sufficient to 
function a$ the protective ITO layer may be somewhat thinner 
than that required ^enever the ITO deposition rate is 
abruptly increased to a aubat&htially higher ITO deposition 
rate, 

IS 

The pmfmrmm^ of the m*m$ prepared using the present 
iTOntiDn may be evaluated by comparing the I -V 
charactsriatics of O&EPs made using the accelerated ITO 
deposition rate as compared with QLEDs prepared using a single 

20 ITO deposition rate throughout the ITO deposition procm&s. It 
was discovered that GLEDs prepared using the present 
accelerated deposition rate method could be made with X-V 
characteristics having no practically disoernifole difference 
from the X~V character iatics of an OLSD in which the 

25 deposition rate was kept at a low deposition rate throughout 
the ITO deposition process. 

In the preferred embodiment a of the present invention , the ITO 
layer is sputtered using ah RF po^er source onto the target in 

30 the presence of an oxygen flux that is selected to provide the 
desired co^ination of transparency and electrical resistivity 
values for a given XTD layer thickness, the actual oxygen 
flux that is selected may vary widely depending on th& 
character'isties of the specific fabrication system used and 

35 may be evaluated in terms of the absorption of wi&lhle 

radiation by the ITO layer. In particular, it is preferable 
that the absorption of visible radiation, which varies as a 
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Junction of wavelength over the visible region of the 
spectrum, be such as to produee a total light transmission, 
for the ITO layers made using the accelerated deposition 
rates, comparable to that for ITO coatings prepared at the 
5 lower ITO deposition rates > 

The oscygen f lux may vary over the range from about 0>3S to 
about d >50 ®ccm (^standard em^/mlTOte 1 *) lor the higher ITO 
deposition rates and from none at all up to about 0 , 2 scenic 

10 preferably t about 0 . 1 seem, for the «ch lo&er XTO depo^itioh 
rates. Uaing these criteria to evaluate the performance of 
the ITO layers prepared rising the subject method, it has been 
found that an increase in the ITO deposition rate of at least 
ten* fold could be used to produce 11*0 coatings having I-V 

IS oharaateristics nearly identical to coatings prepared using 
only the Imm&t ITO deposition rates, Such an increase is 
typically produced by using a ten - f old increase in the RF 
power settings. 

30 In a further aspect of the present indention, the electron 
transporting layer of O&EDs made according to the present 
invention may be comprised o£ ah organic free radieal, which 
may be prepared in a manner that is suitable for fabricating 
the electron transport layer of an OLED , In a representative 

25 embodiment of the present invent i on # the electron transporting 
nsaterial is represented by the chemical structure* Cp***> of; 
formula (I) : t 




30 which is herein referred to as multi-^ 

cyclopentadienyl f ree radical , wherein each te-group, Ar> 
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Ar 3 , Ar« arid Ar $y is hydrogen, an alkyi gro^p or an 
unatite^titutad or substituted aromatic group. M though the 
t&irm ^f^^roixp* may typically be used to refer only to aryl 
groups, the term is t*s£d herein to include hydrogen or an 
5 alkyl group even though, preferafoly, at moat only one of the 
tor- groups is an aXkyi group or hydrogen > with the remainder 
feeing aromatic groups, an3 f *nost preferably v all of the Ar- 
groups being aromatic groups;* The aromatic groups may be 
independent ly selected to be the same or different,, one from 

20 the other, with the total numfeer of co^bunds that may foe 
embraced fey formula I being limited only insofar as they may 
he suitable for use in preparing an electron transporting 
layer and insof ar as it is ehemioally practical to prepare 
stick compou&ds. An organic free radical compound is he rain 

IS defined to be suitable for use as an electron transporting 
material if the carrier moMlity of the electron transporting 
layer has a yalue of at least 10"* cm*/^ sec. 

The oris ubs t i tu t ed or substituted aromatic groups may be, for 
20 example, phenyl groups; groups having fu^ed phenyl rings , such 
naphthyl; or aromatic heterocyclic groups such m pyridyl 
or tMqphenyl * 

Each aromatic gro*ip may be, independently of the other 
25 aromatic groups, unsu&stituted or substituted with one or mora 
sufostituant groups v The suhstituant group, or groups, may be 
an electron donor group, an electron acceptor group or an 
alkyl group. 

30 £or those compounds tthich function not only as an elect ion 
transporting material but also serve as an emissive material , 
the unsubstituted or substituted aromatic group m&y be 
selected so as to adjust the spectral emission characteristics 
in a wner su&E as to produce a desired color, as 

35 characteriEedy for example, by using the chromatic ity 
coordinates of the CIS colorimefcric system> For example, it 
is known that substantia.! changes in the emissioti spectra of a 
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phenyl -cont aiding contpottnd My be produced dependent on 
whether the phenyl group is uriBubstituted or is instead 
substituted in the ortho or para position ifi'lft electron 
donor group or an electron acceptor group = . In addition : t® 
5 being selected to adjust the Emission e^aradteristies, the 
donor astd acceptor groups may also be selected to affect the 
degree of intermolacuiar interact im and, thus, carrier 
mobility. Moreover, such s#>MituenfcB may also be selected m 
as to adju&t the reduction potential of the organic free 

10 radicals, that is, the energy required to reduce the free 
radicals, thus concerting the free radicals to the anions of 
the free radical , By suitably selecting the substituenfc& to 
produce a readily accessible reduction potential, the carrier 
mobility and/or the carrier trap depth may be favorably 

IS altered, such that stable organic free radicals may be 
produced that have an overall eo^ination of electron- 
transporting and electron -emissive propter ties that is 
particrulariy suitable for use as an electron transporting 
1 ayer . 

20 

Still more specifically; in a preferred embodlinent, the 
organic free radical is a pentaphenylcy^lopentadienyl radical, 
of f ormula (ID : 
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therein each aryl group of formula fx) is <tef ined im formula 
{II} as being a single phenyl group that ma^ be unBubstitut^d^ 
or substituted m ftt and & 5 > 

respectively, wherein each E-group represent s independently 
5 from the other Regroups, one or i&ora of an electron dono*- 
gro^p> an electron acceptor group or an alkyl group. 

As a gp&cif ic illustrative e^too<Ji^^t of the present 
indention* the organic free radical may be the tmsubstituted 
10 €p*> as represented by form (III) ; 




"A» sfcili another specific illustrative embodiment of the 
present invention, the organic free radical may be the 
IS tetraphenyicyclopentadien^l free radical of formula (XV) , 




and further- sMbatituted variations thereof, far example, 
wherein the hydrogen shown in formula (IV) may be replaced by 
m alkyl group. 

5 While not let ending to "fe& limit *£ by the theory of the 

invention for the representative embodiments of the specific 
organic free r&dio&Ia as disclosed herein, it is believed that 
the effectiveness of the Cp Ar - irm radical as an electron 
transporting material in the EH* of an OI*E0 may be bas*sd on a 

10 coi^ination of properties* These include the presence of a 
sterieally ahieMei central cyclopentaaiehyi ring, which can 
fom an anusu^lly stable organic free radical Because of the 
substantially complete s eerie shielding of the 
cyclopentadienyi ring; the ability of the cyelopentadienyl 

IS free radical to readily form an anion, which acting together 
with the free radical , served a s an electron carrier ; and the 
strong aromatic character of the ey^lopentadienyl anion, which 
results in strong overlap of the n-arbitala of the anion with 
the n~orbita.l$ of the phenyl sub&tituents, thus enhancing the 

20 election mobility that promotes effectiveness of the material 
m an electron carrier. The present invention has the further 
feature that the si3bstituerits that are included In the organic 
free radicals may be selected so as to alter the emissive 
spectra and the reduction potential of the free radical in a 

25 manner so as to produce an overall oojnbination of electron- 
transporting and electron -entissive properties that is 
particularly suitable for use as an electron transporting 
layer, 

30 The present invention is thus directed to electron 

transporting materials suitable for use in the electron 
transporting layer of an OLED, wherein the electron 
transporting material 1b comprised of a stable organic free 
radical having a readily accessible reduction potential 

35 between the stable organic free radical and the anion formed 
from the radical, for example, the pentaphenylcyclopentadienyl 
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free radical, £p®- 4 of iotnui& (III) and the 
pent&ghenylcyclo^ anion of formula (V) ? 




5 A ready accessible reduction potential leads to suitable 
electron conduction through t&e electron transporting layer, 
■»h§reift suitable electron conduction is Herein defined to mean 
an electron conduction foa&ed on having an electron mobility of 
at least about X0~* emVv see, 

10 

An electron trana|>orting layer comprised of the Cp*- f ree 
raaicai pxmMm a further ad^a&t&ge in that the electron 
tranaporting material may, in some cases, also function as an 
emissive material in the 0I^EX)> Whenever the electron 

1.5 transporting material also serves as an emissive material, the 
OttED wy fee fabricated uaing a single heterostruot«re. If the 
electron transporting material does not also serve as ah 
emissive material* the Q1M& may be f afeticated f rom a single 
hetarostrueture in which the hole transporting layer is the 

20 emissive layer or from a double heterostructure. 

the present invention is further directed toward a novel 
method for preparing the cp* free radical in hulk form m a 
thin layer of electron transporting material having a high 
2;S electron moMlity and a high electron carrier density, wherein 
the electron transporting layer is included in a mult 1- layer 
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stzmmr*, in particular, a hetero^fe rupture for producing 
elect roiumi^e^cence. It is believed fc&at bo prior art 
electron transporting materials have been disclosed which are 
comprised of an organic fjflge, radical , Thus, ^foiie the present 
5 invention is directed taw&rd use of a rriulti-aryl -aufcstitetad 
cyclap&ntadienyi free radical, or more specif ically, a multi- 
phenyl -Bubstituted eyclopentadiehyl free radical, or still 
mora specifically, a pantapfeanylcyclopentaaienyi free radical 
as a species representing the preferred embodiment > it is to 
W be understood that the present indent ion is generally direct ed 
to^rd any organic free radical that may tee contained in an 
electroia transporting layer m an electron transporting 
material having an electron mobility of at least x*r* cm*/v 

is 

In addition to teeing a free radical, the ep** free radical 
differs from the pent&j>henyleyM^ itself , Cp*H; 




20 

in that Cp*H has bean reported to be a blue emitting material 
when used ih O&EDs, €* Adac&i at &l« > Appl < P%# > Lett . , vol . 
S£> im~SQJ (l$90} r whereas a f ilm of the 
25 pantaphe$ylcyclope^ free radical has been observed and 

reported to have a purple color, M**?> Hee^ et &2 > , J. 

Furtherritiore, the Op*- free radical differs from Cp*H :in that the 
3 0 latter is not readily reduced > Reduction of Cp*H ^ould have to 
be followed by loss of H* to give the stable anionic form, 
which is not energetically feasible. In particular, whereas 



there is no reason to expect, feared on these dif f erenees, that 
Gp*H would have good carrier transport properties at ali^ the 
Cp^ free radical is eatable of being especially well suited 
for this purpose * 

Another feature of the present invention ia teased on the fact 
that, while it is topically ai£fioult to prepare and stare €p*- 
by commntionai methods, the Cp»^ free radical material of the 
present indention may fee readily prepared In vrnguo from air- 
10 stable preoursor cofnplexes > the metallocene complexes of 

pentaphenylcyclDpentadie^e, mich as {C?p*}^M r ^here H * Fe, Ru, 
£n, Ge or Fb, may be prepared as disclosed in Heeg et ml> 
These materials can be prepared from the metal salts and tfe 
Cp* anion , tCp*1 w , 

15 




as illUatr^ted by the following equation c 

m 

MX* + 2 Cp*M ~* CCp^M + 2LiX, 115 

where $ - Fe, Ru> Sn, Se or Pb; and X * hal ide or acetate , 
Each of these complexes are air stable complexes < However , 
25 the Ge and Pto completes are not thermally stable v attempted 
sublimation of the Ge and; Pb complexes at 250*C and about £Cf* 
torr was reported to lead to formation of a metal mirror and 
sublitftation of the gaseous Cp*- free radical spcies, as shmm 
by the f blioWing equation ; 

30 
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Icp^-JK' ~* £f (solid) * 2 Cp*- (gas phase) (2) 

250*C 
10"* torr 

5 Tim purple f ilms which are deposited grow the gas phase 

organic free radical, Cp% are comprised only of the Cp*- free 
radical material, according to Heeg et al. 

The present ihvehtlon is directed toward using such precursor 
10 materials and such t^hMs to prepare electron transporting 
layers that may be used in substantially any type of multi- 
layer structure that iiieludt^Sf am electron transporting layer;:. 
In particular, the free-radical-containing, electron 
transporting layer tmy he included, for example, in the multi- 
IS layer structure of a light emitting device, that is, in a 
heteroatructure for producing ^lectrolueiiitescence. The 
present; invention i $ > thus , directed to incorporating the 
gubjeet electron transporting layers into mult i -layer 
structures wherein the electron transporting layer is in 
20 electrical contact with a hole transporting layer, 

the stable organic free- r^dl^al-cDntainiBg materials are 
intended to provide benefits and advantages that are uniquely 
suited for use as an electron transporting material , when such 

25 free -radical -containing materials are incorporated into a 
multi-layer structure as the electron tran^portihg layer , 
While it is intended, in the more preferred embodiments of the 
present invent ion, that the elect ran transporting Imyer foe 
comprised predominantly of an organic f ree radical, or even, 

30 in some cases, be directed to electron transporting layers 
consisting essentially of organic free radicals, it is also 
eont essplated that layers containing free radical materials 
that have undergone dimerisation, even substantial 
di&eri nation, may also serve as effective electron 

35 transporting materials f and are, therefore, also contemplated 
to fall within the scope of the present invention. 

in fact, while the electron transport!^ layer he comprised 
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predominantly, if not completely , of an organic free radical 
material, the present indention may err&rac^ any electron 
transport ing layer that includes an organic free radios! 
material for which it can be shown tfa^t the presence of the 
5 organic free radical contrifeutea to the electron- transport im 
characteristic of the electron transporting layer. For 
example, the layer may be comprised of organic free radical 
materials that are erGbedded in a matrix of non~ free -radical, 
but still electron -transporting, material. An electron 
10 transporting layer comprised predominantly of an organic free 
radical is herein defined m a layer in which the organic free 
radical is the major component of the elect ton transporting 
layer, 

IS in the preferred embodiments of the present invention, the 6e 
{decaphenylgermanocene} or Pb Idecaphehy^-pltjmboo^nel complex 
of pentapheBylcyclbpentadieriyl is used: a& the source for 
preparing the thin layers of Cp*' in a yacimm deposition 
system ♦■. 

20 

Tim present invention is further directed to Q&ms in which 
dopant compounds may be included in the emissive layer, A 
dopant capable of shifting the emission wavelength of an 
emissive layer copprieed only of a host compound is ^dded to 

25 the host compound in an amount effective to shift the 

waveie&fth of emission so that the LET) device preferably emits 
light that is perceived by the human eye to be close to one of 
the primary colors. Although it is recognised that 
characterisation of color perception is a subjective exercise, 

m a quantitative chrottiaticity scale has been developed by the 
Commission Internatiohale de IVSclairage {international 
Co^ission of Iliuminationh otherwise known as the CIE 
standard. according to this standard « a saturated color may 
be represented by a single point, with specific ^anl;itative 

35 coordinates according to the def ined a&es of the chromaticity 
scale. It will foe appreciated by one of skill in the art that 
such a single point on the CIE scale would represent a 



standard or a goal that, in practical terms, is difficulty but 
fortunately, unnecessary, to attain. 

In the preferred efabodimenta of the present indention in which 
5 the OLED produces a primary calor, the dopant is incorporated 
into a ho&t cotr^ound 00 that the O&BB eMts light that is 
perceived by the human eye to be close to a saturated primary 
color, Through the practice of the present iavention, it is 
intended that OLEDb be constructed which can be characterised 

10 by an emi&siosi that is close to an absolute for £aturatedl 

chromatieity value, m that would be def ter the CXB gcale, 
Furthermore , LED 1 b utilising the materials of the present 
invention are also intended to be capable of a display 
brightness that can be in excess of 100 cd/m 2 although somewhat 

X5 lower values, perhaps as low as 10 cd/m*, isay fee acceptable in 
certain caaes . 

The ho#t compounds as defined herein are cotnpou*Kle which can 
be doped with dopants to emit light with the desired spectral 

20 characteristics, The term "host* is used to refer to the 

compound in the emissive layer that f unctions as the component 
which receives the hole/electron recott^inatioh energy and then 
by an emissxon/abaorption energy transfer process* transfers 
that excitation energy to the dopant co^potmd, which is 

25 typically present in much lower concentrations , The dopant 
may then relax to an excited state having a slightly lower 
energy level, which preferentially radiates all of its energy 
as luminescent emission in a desired spectral region. A 
dopant that radiates 100% of: the dopant's excited state 

30 excitation energy m said to have a quantum efficiency of 

100%, For host/dopant concent rat ions which are to be u^ed in 
a color tnnable SOLED, preferably most, if not all, of the 
host's excitation energy is transferred to the dopant which in 
turn radiates, perhaps front a lower energy level, but with a 

35 high quantum efficiency, to produce visible radiation having a 
de sired chro^at i c it y . 



&s the term host compound is used herein,, it will be 
appreciated; that such compounds can foe found in either an 
electron transport ing/emiasive layer of a single 
heterastructure D&EB device or in the separate emissive layer 
5 of a double h^terQ^tructure device, &s will be recognised by 
orie of skill in the art, use of the dopant species such as 
digclo^ed herein makes it possible to e&tend not only the 
range of colons emitted by the 0£EG, hut also to extend -the 
range of possible candidate ^ecies for boat and/or dopant 

10 cofapouhds Accordingly^ for effective host/dopant systems,, 
although the host compound can have a strong emission in a 
region of the spectrum v^ere the dopant species strongly 
absorbs light, the ho&t species preferably does not haw an 
emission band in a region ^here the dopant also emits 

15 strongly < In structures where the host compound also 

functions as a charge carrier, then additioh&l criteria such 
as redox potential for the specie^ also becomes a 
cons iderat Ion, In general, however, the spectral 
characteristics of the hose and dopant species are the most 

20 important criteria. 

amount of dopant that is present is that amount which is 
Sufficient to shift the emission wavelength of the host 
material as close as possible to a saturated primary color, m 

SS that would be defined according to the CIS scale. i l^ypically ) 
the effective amount is fra$v absmt D .01 to xo<p mol %, based 
on the emitting layer, The preferred a^unt is from about 0.1 
to 1.0 moi % . The primary criterion for determining an 
appropriate doping level is the level which is effective for 

30 achieving an emission with the appropriate spectral 

characteristics , By way of example, and without 1 imitation, 
if the amount of dopant species is at too low a level, then 
emission from the device will also comprise a component ot 
light from the host compound itself, which will be at shorter 

35 wavelengths than the desired emission form the dopant species, 
In contrast, if the level of dopant is too high, emission 
efficiencies could fee adversely affected by self -quenching, a 
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net non~ emissive mechanism , &it£rna timely, too high levels of 
the dopant species could also adversely affect the hole or 
electron transporting properties of the host; material, 

S A further m^odiment of the present invention is directed, in 
particular, to an emi&aive layer cdntaining a host material of 
a metal complex of £&-hydr^ 




(V) 



10 herein M is Al, Ga, In, ?n or with n .* 3, if M is Kt 4 Ga 
or In and n * 2, if M is m or Kg. 

A still further embodiment of the present invent ion is 
$i rented to dopant materials comprised of an inner salt having 
15 the chemical structure of formula VI : 




herein R iy Rj, % an5 R 4 are:, independently of fach Other ^ an 
UBSuhstitut^d or substituted aikyi, aryl or heterocyc;le (for 
20 e&a^pl e r a pyrole 5 f an<i R 5 m& are , Independently of each 
other, an unsubatituted or substituted alky! * aryi , OH or Ml z , 
Such compounds are herein referred to as bisph^nyl-squarilium 
compounds;. 
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Still mor& spmci finally * one of the embodiments of the presetst 
indention is directed to dopant materials comprised of an 
inner salt of a compound having the chemical ^tructiare of 
formula VII 5 




herein B * an alkyl . Such compounds are herein referred to 
as scpiarilium dyes, 

10 to^the embodiment of the present invention is directed to 
dopant materials comprised of an indigo dye oompotmd having 
the chemical structure of formula VIII: 




IS wherein 3£ * ;■ m, m r , S f Se, Te, or O, wherein R$ i s alkyi or 
ptenyl, and R 7 and % are, independent ly of each otfter, an 
yrim*b&tituted or aubatitute^ alkyi or aryX group* or a 
electron dot^r grotip ^uch as -OR, -Br, ~$R 3 , ete, or an- 
electmo acceptor groap such as ~N0 2 , etc> 

Still more specif icaily, another of the embodiments of the 
present in^ebtion is directed to dogant materials comprised of 
an indigo dye compound having the chemical structure of 
formula IX; 

is 




o 



wherein % « SH. 

Still another embodimant of tfoe present Invention Is directed 
S to dopant materials comprise of a f ullerena co^o««d, for 
example, the C tJ luXlerena compound. 

As aa iliustratixfe example of the present invention, the host 
compound, is preferably comprised of the compound of formula V 
10 wherein W •« Ai and n - 3 aluffiinuip. trie (S-aydroxy-quino^aiine3 , 



Air 




3 



and the dopant compound is preferably cpffiprfsed of the 
squariiiisro dye coiaponnd of formula XT , I, 3 -his [4- 




(SI) 




0. Htf 
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Vacuum- deposited.* single heterDstru^feural OLBDs may be made 
having art electron transporting layer comprised of a host 
compound M formula X and a dopant compound of formula XX, 
wherein the OLED has current-wltage (l-VJ characteristics , 
5 W-visibXe, pfeotoluminescenQe and elect roluminascence 

properties that are i^rticulariy jsuitafele for OLEDs . it is 
believed that the effectiveness of this particular host /dopant 
combination is based on achia^ing a high level of energy 
transfer from the host to the dopant. Such a high level of 
10 energy transfer, for suit ably matched hosts and dopants, can 
lead to more efficient electroluminescence aa compared to when 
the ho#t compound is u&ed alone, 

While not intending to be limited by the theory of the 
IS invention for the representative embodiments disclosed 
herein, as a means of illustrating how stteh combinations of 
host and dopant co^ounds can foe selected and matched to 
provide ef f icient electroXuminescence (EL} the 
photolumineacence Wis} of the host M% compound, with and 
20 without the dopant dye compound, may be compared Mth Alq 3 ; 



which was also prepared with and without the dopant compound. 

The PL of these compounds may he measured using standard 
as techniques, for example, by immersing the compounds in a 
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solvent* exposing them to a photoexcit&tion smites and 
measuring the pliotQlumxiiegaance spectrum as a function of 
wavelengtii tesing equipment such as is ai^adlaMe f rom Photon 
Technology IriternatiDnai, in So^rvllle, Mew Jersey, 

5 

The PL spectrum of Alq a ,- Alx* Md Ga% is ehow in Fig, ii-. 
The M% produces an orange p^tolusninescence with a maxima* at 
afeo&t 620 nro> which is ^igiiif ieantly red shifted r^iati^re to 
Aiq ai , which haa a fix* jftaKiimip at about 515 hm> It is Relieved 

10 that this large red shift can foe significant in helping to 
achieve the high level of energy transfer from the host &1& 3 
compound to the red fluorescent dye dopant* the EL spectra of 
OLfiDs prepared with an un~dop&d and doped M% layer are shorn 
in Fig> 12> Whereas the uiidoped host material has an EL 

15 spectrum that is ^iigrhtly ^ed shifted as compared with the FL 
spectrum of the host material/ the ma^imim occurs in a 
wavelength region that still has an orange agpearaftce, as 
characterised, for example, by the standard CI & cplorimetric 
system fx •« 0*565* y -4 0.426). However , when this host 

20 material is doped With tfe iwr salt dp of formula XX , the 
EI* spectrum has a maximum in a wavelength region that is 
&i&ti£ icantly shifted toward the red (x : w o.SSl, y *< 0,403) v 

further e^odiments of the present invention are directed to 
25 having an emissive layer containing a dopant comprised 

of an indigo dye compound of formula ¥111 or of a fullerene 
compound, Withotit in any way limiting the scope of these 
classes of compounds , species of these classes of compounds 
are represented by the indigo dye compound of formula IX and 
30 the fullerene compoiand S m . the absorhance spectra of these 
compounds, as shown in Fig. 14, together yifeft the bisphenol 
sgu&rilxum compound of formula XI , show that these compounds 
have absorption teandwxdths vfhich are suitably matched to 
accept the phatoluminescence from the host compounds Alx 5 and 
3S Mm* 
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The photoluminescent spectra of then** dopants * as shown in 
Fig. 15, show that each of these compounds produces 
luminescence in or toward the red region of the visible 
spectrum v Furthermore, as iiiiiat^t^d fey the 
S; ^lect^olumxHescent spectra of DLSDa incorporatxiig the 
f ulleren? or squarilium dye decants in a single 
hater as tructural device using M% or Aiq 3 as the host 
material , each of these compounds is shown to be capable, at 
sufficient dopant concentrations, of having the excitation 

10 energy fcotapletely transferred from the host/ ff^e Figs. 16, 17, 
18 ♦ Fart of thafc ^ergy is then radiated a a 
electroluminescence by the dopant. The capacity for a dopant 
to replace substantially all of the emission of the host 
compound with that of the dopant is of particular benefit , for 

IS example, in a color tunable In such devices, whieh 

have more than one color-emitting layer, it is d# sizable, to 
have each layer with Its own well-defined chropaticity and 
with a spectral emission that does not overlap the spectral 
emission of any other layer, 

20 

^he ele^trolu^ineace^t emission of an OLEB containing the 
representative indigo dye ooropaund is showm to have an 
emission band having a mam^w near 650 xm (with CIE valuer, 
at«o;s : 93 and : : y»p, 305} , which produces a saturated red 
2S appeara:nc^> 

The Zn and Mg derivatives of (5- hydroxy lq\iinoxaline have also 
been prepared and found to produce PL spectra nearly identical 
to that observed for W^, In view of the effectiveness of 
3-8 JklXj. as a host material f or red- emitting dopants wherein there 
is also a good energy match, such PL spectra show that the m 
tod Ms derivatives may also be useful as host materials for 
suitably selected red- emitting dopants. 

35 the Ga derivative of (5- hydroxy) pinoxaline has also been 
prepared and found to have the PL emission spectrum as shown 
in Fig. il. These results show that the Ga analog may foe 
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effective riot only as a doped Smisaive matsrial^ hut al&o as 
m un-doped; material > 

Ex&mplea of additional )&>&t or receiving oo#$ouiKi$ include 
5 emitting corapo&ftdg and /or host: compound of the type shorn and 
describe in Applicants' co-pending U.$ , Patent implication 
Serial Mo. 08/SS3 ( i359* filed 6 A^gtt«t msrthsr 
representative e&ain|&es of the present invention include 
emitting eD^oimds according to Formula &IXr 

10 

(XII) 




wherein M is a trivalent metal ion of a metal smzh as AX or 
Ga; and R is aikyl* phenyl, ^ubatitut^d alkyl> sufo^titut^d 
IS phenyl, trimethylsilyl^ or substituted trimethylsiXyl ; ahd 
wherein X, Y y and £ are each individually and independently c 
or H, aueft that at least two of X, ¥ and 2 are H; and of 
formula X I II c 



20 



(XIII) 



Specific examples of compounds aceprding to Formula I are 
provided ia Fig* 20, v^ich are all commercial iy available 
ape^le^ (&ldrieh Chemical £b ♦ > Ixie « } . 

5 A frequently used emitting compound utilized in those green- 
emitting OLED's, as disclosed in a. nw*b« of United States 
Patents assigned to Kod^k {see, for example 0.3. Patent lb, 
5, §52* £78 to TmQ eft al * ) r is a quindlate complex of the 
general formula » 




wherein M is a trivalent ion of met«ds such as aluminum and 
gallium, to exemplary green -emitting compound according to 
this general formula would be tris If -hydroxyquinoiato) 

IS almi», dim referred to as Alq 5 , COtRpotinds of the present 
invention as represented by formulas XIX and XXII have a red- 
shifted emission due to the altered ligand structure. The 
select ion of the compounds of formula XII is based on the 
observation that the incorporation of two nitrogen heteroatoms 

20 into the pyridil aide of the giiinqXate lig&ftd results in a 
shift of emission wavelength of 100 nm relative to the 
emlsmoft f rom &lgs. 

Using this approach for r^d-^Hfti^ the smi&siQh of an OLSD, 
25 the compounds of Formulas XIX ha^e been devised and 

^yntfeesiKed with th^ specific purpose of shifting the emission 
from reoeivi&g compound materials toward shorter 
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w^Slengfchs* The ligand of Formula XIX is an exampie of a 
fused ring , multi^heter^atom structure that offers many of the 
sma structural f eatures of t he ^ ^ yet 
has an emission shifted considerablY from that of Alg 3 > 

5 

The compound represented by Formiila XXXI, although not a metal 
complex, may be prepared as the hole conducting material for 
an HTL layer in an In addition to functioning m. th& 

hole transport log material the compmrnti of formula tUl also 
ID exhibits &&ti sf act ory emi salve characteristics as -well.. The 
emissive properties of this compound, as well as a corapoimd of 
Formal^ til, are summarised belov*, Mso providfed are 
comparable data for the Mq 3 compound. 









amission ;> 
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MO nm 




280 nm 
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40 2 nm 



20 

In accordance with another ercbodim*m: of the present 
in^rition. Fig, 22 Showsi a high contrast T0&&D display under 
bright ambient light conditions, such as in sunlight. The 
high contrast TQLBD display of the present inventioix comprised 
35 a WIMD display TD and & low -reflectance absorber* such as a 
black absorber EA arranged Behind the display TD. The fot^D 
display TD can be fabricated as disclosed in 1KSV Patent 
applications Serial Nos, 08/354,674 and 0$/€13 f m7, 
incorporated herein by reference in their entirety. 

30 

&s illustrated in Fig. 22 t light R emitted from a bright light 
source L, such as the sun, passed through the various layers 
pf the TGLiB display TD and is absorbed fay the black ahso^bar 
&s a result, light I emitted by the display W and viewed 
35 by a viewer V is not washed b^t by ambient light which is 



reflected by the display* as is the case with conventional 
display© . 

A cross ^sectional view of an eTi&odiment of a high contrast 
5 display in accordance with the present invention is shown in 
Fig . 23 . A TOLSD 1 la arranged owr a transparent substrate 2 
which is arranged over a Xw-ref Xectance absorber % Light X 
emitted from the TOILED l propagates toward the viewer. The 
W&M) 1 , which is comprised of several different layers of 
10 mteti&is is shown ? for simplicity, as one layer* The 
transparent substrate 2 can be comprised of glass or of 
pi as tie, which may be £ le&ible or rigid, 

The icw-refleet&rtce absorber 3 can be comprised, for example, 
IB of a layer of paper or cardboard painted or printed black at 
least on the side facing the substrate 2 , The io^- reflectance 
absorber 3 can also be deposited directly onto the bottom side 
of the substrate 2 , such as by painting the bottom of the 
substrate with a black, preferably matte, paint . T&e low- 
20 reileotanoe absorber 3 can also be implemented by spin coating 
carbon black onto a polynier matrix or by evaporation 
deposition, 

& cross " Sectional view of a second embodiment of a high 
25 contrast display in aocardance with the present indention is 
ah^wn in Fig* 24 , In this embodiment 7 a low * reflectance 
absorber 3 is arranged between a TOILED 1 and a substrate 2> 
Ixl the embodiment of Fig. 24 >. the law- reflectance absorber 3 
is deposited onto the substrate 2. The substrate 3 need not 
30 be transparent. The law- reflectance absorber 3 and the 
substrate 2 can also be ii^plemented as one layer. 

Because it is desirable to make the surface of the low- 
reflectance absorber 3 facing the viewer as absorptive as 
35 passible, this surface may be relatively rough and thus may be 
undesirable for the fabrication thereon of the TQkED l . As 
such; if need be, a pianarizing layer 4 can be deposited on 
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the reflectance absorber 3 to promsie a smooth surface on 
mhi ah to deposit tM TOLED 1, f he planar! zing layer 4 can fa a 
comprised, for instance, of a polymer or plastic and cm be 
applied by spin coating. 

5 

While the low-reflectance absorber can be l^lemeiifeed, m 
described above , as a ^Black" absorber , w the present: invent ion 
may also embrace the use of a low* reflectance absorber h&vi&gf 
a color different from t bat of the color emit ted by the ?0X*ED, 

10 For example, a dark green absorber behind a red-emitting 

or still other combinations of selected colors, may 
also be used within the ^eope of the subject invention so as 
to provide a high color contrast display. The low- reflectance 
surface ,; thus, may have a high light absorption across the 

IS entire visible region of the spectrum so as to produce a gray- 
to -black surface or it may have high absorption only over that 
part of the apectral region corresponding to the wavelength 
region generated by the light emitting device, preferably? 
the absorption of light is at least about 50% t and more 

20 preferably^ about SO -90% t or still higher , for a black 
absorber. 

In order to extract even more EL light in the direction normal 
to the an antiref lection lm} coating can be deposited 

25 on the transparent I'M anode . For a conventional OLEB* this 
entails depositing the AR coating on top of the transparent 
substrate prior to the deposit ion of the 1T0 layer and the 
rest of the OLED layers. In such a emit i^uration, care must 
foe taken to account for the reflections in the transparent 

30 substrate . For an IDLED, the EL light does not travel through 
the substrate, simplifying the M costing design. Also, with 
the IQLED, the AR coating oan be deposited directly on the 
anode and thus can at the same time serve as a passivating 
layer for protecting the XQLED from at»3phere-related 

35 degradation. 
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The IDLED structure of the pr&s&nt invention can alao be 
fabricated with .one: or more filter structures £ ot controlling 
the spectral width of the light emitted. Fig. 29 shows m 
IDLED SO fabricated over a dMt^ifouted Bragg reflector (feSfS } 
5 structure 60 which is fabricated on i substrate 70. A ME 
atructure may also foe referred to as a multilayer stack (MLB) >. 
0UCh as taught fey H* A. meMad, m&z MMSL #tl^ j f$.im»- 
110 il&SS} , The DBR structure 6.6 is forced as a 1/4- 
w^velengftll stack S3 of highly raf lect ive layers of dielectric 

10 materials The stack 62 can be for^d with two to ten 

alternating layers of titanium oxide TiOs an$ silicon oxide 
SiO t „ h layer 61 of I TO is deposited on the stacfe S2 > The 
cathode S-S of the SO, vrhlch is formed as a thin, semi- 

tranaparent layer of Mg:&g alloy, is deposited on the XTO 

IS layer Si, The ETL/EL layer 54* KTL 53, protection layer 52 
and XTO anode SI are then deposited in sequence. 

The ccTabinatioft of the I TO anode Si and the bottom PER 
atructure 60 can provide good cavity and microcavity affect, 

20 In particular, if the thickness of the BTk/E£ layer 54 is 

substantially equal to X/2n* where X Is the wavelength of the 
emitted light and n is the refractive index of the XTO anode 
layer 51 (which ia apprpximateiy 2.0, relative to air), 
spectral narrowing is achieved with a conaid^rable increase in 

2S the effective efficiency of the mjm* 

To harrow the spectrum of the light emitted fey the OLEO of 
Fig, 23 &xmn farther f another DER structure can be placed on 
top of the OLBD SO* This, however, requires', that electrical 
30 aeceaa to the anode 51 of the he provided from a aide of 

the cpijjbinad structure v &s an alternative, such a top -aide 
OBE can be replaced by a color filter layer consisting: of > for 
exa^le, an Dx^ganic dye f ilis. 

3$ The present invention further provides monochromatic and 
ami ti color light emitting devices that make use of phosphor 
layers to downconvert the color of light emitted from organic 
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light emitting matertalB into different colors. In one 
errfeodiment o£ the Invention, ^ do^riconversioii layer is used to 
.fp^vert blue light emitted from m organic light emifctifegf 
layer iiitb red light within a stacked arra&ge*iient of OLEDsy 
5 it% mother em^odi^ent of the inwiifeion^ downeoxw layers 
are used to convert blue light emitted f rom organic light 
emitting layers into green and/or ired light, The light 
emi tt ing devices of t he present invent ion are uged in a 
variety of M>^ochro«t ic- m4 ft^ to 
10 provide displays with high brightnesses and efficiencies 

fhe present indention may also provide organic light emitting 
dwioeB which make use of doMncoxwarsion phosphor layers to 
provide displays* at high efficiency and brightness , A light 
IS emitting device in accordance with the present invention 

comprises a plurality of org&nio light emitting layers in a. 
^tacked arrangement and a downconversion phosphor layer 
disposed between any two of the plurality of organic light 
emitting layers . 

30 

In a first embodiment of the present invention that relates to 
downoonver^ion phosphors, a light emitting device 103 is 
provided as shown in Fig. 35 > In this stacked arrangement of 
organic light emitting layers, a first blue light emitting 

25 layer 112 is provided over substrate 111, green light emitting 
l^yer 113 Is pro^ide^ over first blue light emitting layer 
112 4 red do^nfeoiwersion phosphor layer 114 is provided over 
green light emitting layer 113, and second blue light emitting 
layer lis is provided over downcoaversion phosphor layer 1X4, 

30 disposed between the light emitting layers are transparent, 
conductive layers 120, 121, 122 and 123, Metal contact layer 
13'Q is provided over second blue light emitting layer 115, 

Disposed between green light emitting layer 113 and red 
35 downconversion phosphor layer 114 is a mirror Etructure 125, 
^hich is preferably a multilayer stack of dielectric material. 
Mirror structure 125 shmm in Fig, 25 is characterized hy a 
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red pass-jb&nd and blue and green blocking bands to prevent the 
puling of red dowiconyeraion phosphor layer 1X4 by green and 
blue light emitting layers, 113 and 112, respectively. By 
reflecting green and blue lights mirror structure 12S also 
5 serves to increase device efficiency by a factor of at least 
two. Moreover, mirror structure 125 results in the efficient 
pumping of red dowriconversipn phosphor layer 114 by second 
blue l-igftfc emitting layer 115 such that layer 114 is much less 
thick than is necessary lor a single -pass device. For 
10 example, red downeonversioh phosphor layer 114 is as thin as 
1000 A. 

Hirror structure 13$ is any suitable material to permit the 
passage of red light but block the passage of green and blue 

IB light, as is known in the art . For example, mirror structure 
OS coTftpris^ at least two dielectric ma terials with different 
dielectric constants arranged in a multilayer stack* The 
thicfenes# of the layers in the stack define the range of 
wavelengths that are permitted to pass through the structure. 

20 Typieal inorganic dielectric materials to form mirror 

^truoture im include SiO a /TiO a and SiO^/Si^, although such 
inorganic materials are within the scope of the present 
invention, the use of organic dielectric materials such as 
S> it 8 naphthalene tetracarbb^ylic di anhydride {^NTCI?^} and 

25 ^olytetraf iuprethylene (TEFLOH) are preferred. The use of 
organic dielectric materials minimises the risk of damaging 
the organic light emitting materials during deposition of the 
dielectric materials used for mirror structure 125. 

30 &s is known in the art, light emitting layers 112, 113 and 115 
are made from organic materials that emit light when excited 
fey electric current. Therefore, the light emitting device 
shown in Fig> 25 will emit blue light when a voltage is 
applied across conductive layers 120 and 131, and green light 

35 when voltage is applied between conductive layers 121 and 122. 
To emit red light, a voltage is applied between conductive 
layer 123 and metal contact layer 130 so that second Mlue 
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light emitting layer lis emits hlxxe light , which is than 
converted to red light by red dowHsonveraion phosphor layer 
114 . Blue light emitted from second blue light emitting layer 
lis is not permitted to pass through mirror stricture 12S and 
5 therefore resonates between layers 12 S and 130, thereby 

causing the ef f icient pumping of r^d downqor^araion phosphor 
layer 114 , The resulting emtasion of red light passes through 
light emitting layers 113 and 112 and into substrate ill . The 
C0nf igutration shown in Fig, 2S permits the more efficient 
IQ emission of red light than is possible with the *sse of red 
organic light emitting layers; 

Xn the embodiment shown in Fig. 25, substrate 111 is a 
Btibst ant ially transparent material, much m glass, quartz, 

15 sapphire or plastic. For ^impiicity, the light emitting 
layers 112, 113 and 115 are shown as single layers in the 
drawing* &s is well^kno^n In the art s h«^r, these layers 
actually comprise multiple sublayers ( e . g ♦ , HTL Ei/s and 
ETL* & j when they are not single-layer polymer d^viQaa; The 

20 arrangement of the sublayers obviously depends on whether the 
device .is; of DH tddufale heterostructure* or SH (single 
he teroatr^oture) conf ig^rat ion .« 

Wh^re a transparent, conductive layer serves as both cathode 
25 tot one light emitting layer and anode for another, such as 
layer 121, it preferably ooipryes iMi^^-tin-axide ( ft W®**l* 
Wfoere a transparent, conductive layer does not serve as both 
cathode and anode, such as layer 122, tfhieh serves as cathode 
for green light emitting layer 113 but is separated from 
30 second blue light emitting layer 11$ by mirror structure X2S, 
it preferably comprises a compound alectrode such as a 
semi- transparent low work function metal and im. An anode 
layer that does not sew as both cathode and anode, however, 
is none the less preferably I. TO, Metal contact layer 130 
35 comprises any suitable material, such as magnesium, lithium, 
aluminum, silver, gold and alloys thereof -., 
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In another embodiment of the invention t green downeonversion 
phospjior layer 126 is inserted between red do^nconversian 
phosphor layer 114 and second blue light: emitting layer lis, 
as shown in Fig. 26 , Layer 126 results in the more eMigleht 
5 conversion of blue to red light by the intermediate coriwmioa 
of blue to green light > 

In another embodiment of the invention* blue light emitting 
layers are used to pump tooth fed and green dowconversion 

10 phosphor layers, as sho*m in Fig> 27. In device 200, a first 
blue light emitting layer 112 is provided over substrate 111* 
green dovmconvergion phosphor layer 126 is provided over first 
blue light emitting layer 112* second blue light emitting 
layer 115 is provided over green downeonversion layer 126 > red 

IS domconversion phosphor layer 114 is provided over second blue 
light emitting layer lis, and third blue light emitting iay^r 
12? is provided over red downconveraion phosphor layer 114 , 
Disposed between the light emitting layers are transparent, 
conductive layers 120 > 121, 122 , 123 and 125. Metal contact 

20 layer 130 is provided over third blue light emitting layer 

127. In addition^ f irst: and second mirror structuree 12 § and 
125, respectively, are disposed between first blue light 
emitting layer 112 md green downconverBion layer 126 , and 
between second blue light emitting layer 115 and red 

25 do^eonvereion phosphor layer 114, reapeotively. First mirror 
structure 128 permits the passage of red and green light while 
blocking the passage of blue light > Second mirror structure 
125 permits the passage of red light while blocking the 
passage of green and blue light. 

30 

&& representative embodiments of the subject invention in 
which the 0&ED farther includes a do^conversion phosphor 
layer, such an Qt*m may be comprised of : a transparent 
substrate; a iirm blue organic light emitting layer over said 
35 substrate? a green organic light emitting layer over said 
first blue organic light emitting layer; a mirror structure 
over said green organic light emitting layer, said mirror 
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structure comprising a multilayer mack of at least one 
dielectric Hta^erial, said mirror structure allowing ih® 
passage of red light and blocking the passage of him and 
green light ? a red deconversion phosphor layer over said 
5 mirror ^tructuref and: a second telue organic ligftt emitting 
layer o?«r said .'red aowncon^ersion phosphor layer . 

SucJl OLED containing a 4oweonvaraion phosphor layer may, 
alternatively ? be comprised of V a transparent substrate; a 

10 first Mm orgMic ligfit emitting layer ov^r ^aid substrate; a 
first mirror structure o^er aaid first blue organic light 
emitting layer, said mirror structure con^risiftg ^multilayer 
Stack of at least one dielectric material , said mirror 
structure allowing the passage of red and green light and 

15 Mocking the passage of blue light ; a gree& downconversion 

phosphor layer o^er said f irst mirror structure/ a second blue 
organic light emitting layer over said green ddwncdnverMon 
phosphor layer; a mirror structure over said second blue 
organic light emitting layer, said mirror structure comprising 

20 a multilayer stack of at least one dielectric material, said 
mirror structure allowing the pmmg& of red light and 
blocking the passage of blue and green light; a red 
doraconvereidn phosphor layer over said mirror structure; and 
a third blue organic light emitting layer over said red 

2S downconveraion phosphor layer. 

the light emitting devices of the present ir^ention optionally 
comprises a layer 140 of low-losa, high refractive index 
dielectric material, such as titanium dioxide {T i Os J , between 

30 transparent conductive layer 120 and substrate 111 > Layer iiO 
is especially preferred when transparent, conductive layer 12 S 
is made from ITO, which is a high-loss material , The 
refractive indexes for TiO^ and ITO are approximately 2 . 6 and 
3*2, respectively , Layer 140 therefore ^tabstantiaily 

35 eliminates wavegaiding and absorption in the ITO y the light 
emitted f rom light emitting layers 112 \ t 113 and 115 now being 
easily transmitted through layer 140 and substrate 111, 
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This indention Will mm be described in detail kith respect 
to showing how certain specific representative embodiments 
thereof will be made, the materials^ apparatus and process 
steps being tinders tood as examples that are intended to be 
$ iliustratiye only. In particular, the invention is not 

intended to be limited to the methods, materials, conditions 
process parameters, apparatus and the lifee specifically 
recited herein, 

Prior to deposition of the organic films for the 
representative GLEDs of the present invention, (icq) si 
substrates may be cleaned by sequential ultrasonic rinses in 
detergent solution and deioni^ed water, then boiled in 1,1,1- 

IS trichloroethanf , rinsed in acetone, and finally boiled in 2- 
propanoic Between each cleaning step, the substrates may be 
dried in high purity nitrogen. The background pressure prior 
to deposition is normally 7 x ID" 7 torr or lower and the 
prea^re during the deposition is about 3 x i£T* to 1,1 x iO"* 

20 torr. 

m IDLED atrt£cture (Fig. If was grown starting with the 
thermal evaporation in vacuum of a 1000 A thick cathode 

25 consisting of ma Mg~Ag alloy, followed by a SO0 A thick 

al^inum fcriirCB-h^ (Mq^j electron transporting 

and electroluminescent (814 layer, and a 2 SO A thick hole 
transporting layer Wn*} of N f N ? -diphenyl -NVH* -Mi(3- 
methylphenyl} -1, l 1 -biphenyi-4,4 * -diamine ITPD) . 

30 Mternat ively, XQLEDs employing 4, 4 ' -bis { HP?- (1 ^ haipt hyi } w S - 

phenyl-aminolbiphenyl (a-SPS} as the HTL were also fabricated, 
with results similar to those obtained using TPD . protect 
the fragile HTL from the sputter deposition of the top XT£ 
anode contact , either a 3 , 4 , S , lO-perylenetetmcarboxyllc 

35 dianhydride (PTCDAi or a copper phthalocyanine ieuPcl film was 
employed. 
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Typical organic deposition rates ragged from 1 h/s to 5 A/s 
with th* substrate held at room t^mp0rat\ire. Finally, tim top 
IT© layer m® deposited by RF magnetron sputtering of a 
pressed 1*0 target in a 2900 :1 Ar ; 0 2 atmosphere* and S rtfForr 
S treasure. The HE po^er was SW, which resulted in a deposition 
rate of 30Q A/hour. 

The forward bias eurrent^^ltage |JMfl character istics of 0.05 
tarn* lO&EBS with STCbA an<3 CuFc PCLs, as well as of a devide 
10 with no pel* are shown in Fig, 3> Fig* 3 shows the light 

intensity vs, current CL~I) response of the XOLEDs in Fig * 2, 

m OlsB® also prepared comprised of structure having the 
following sequeiice of layers: an 1T0 layer/SOA PTaDA/SGOA 
IS fiee/SoM M^/iOOOA MgAg/SOOA Ag and a similar QL£P, tot 
Without the WTCm layer. The current vs . voltage of this 
device is shown in Fig, 

|Xa OLEDs f aby fe ^ed with iTti&ronmd ito dmm it ion ■ 
20 in a representative axample of the present invention in which 
the improved ITO deposition method was used, a commercially 
available glass substrata preco&ted with ITO, tram Southwell 
Teohnologies , Ifcc«, Palo Alto, California, was used < A 

hole transport layer comprised of about 300 A of TPD **as 
25 deposited onto the I TO anode layer, an electron transporting 
layer co^ri^ed of about SOD A of tris- es-hydroxy^uinoiirxe) 
aluminum(Alqi) wa^ deposited onto the TPD hole transport log 
layer and a cathode layer of about 1M A Mg-Ag was deposited 
onto the Alq$ election transport ing layer * 

30 

An ITO layer according to the present invention was then 
prepared by depositing about ISO A of ITO using only m of HP 
power in the presence of about 200 seem Ar and 0,1 seem G s onto 
the MG-&g cathode layer m$ then an additional 400 k of ifd 
3S was deposited using 45W RF power in the presence of afcout 200 
seem Ar and a&out Cfo 42 seem - 0^, 
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Fig, 7 shows the current -vol tags { I-VS characteristics of this 
h^tarostiiicture . inhere was no practically di soernibie 
diffe^nce between the x~v aharactaristics of this device as 
compared with an OLED having the entire ITO layer deposited at 
5 the sl«r deposition rate. 

M though the particular Qi*ED struetura of Fig. 6 has been 
described* it is to be understood that any structure 
having an ITO layer deposited using a low initial deposition 
10 rate and then a substantially higher deposition rate would be 
in accordance with this invention. 



UX> <NM® mm m electron ^wmm? ortim l m ®t mt&Miiiim an 

^transparent substrate, is pre -coated with an indium tin 
o&Ma (ITO) layer having a sheet resistance of about 15 
G/^cjuare> The substrate may be ultrasonlcaily eieaned in 

2$ detergent, followed by thorough rinsing in deionized water, 

i^i^l-trichioroethane/ acetone and methanol f and dried in pure 
nitrogen gas between each step* The clean dry substrate is 
then transferred to the vacuum deposition system, &11 organic 
and metal depositions .-may then be carried out under high 

25 vaeuum K 2x10*"* ^orr) , Depositions are carried out fey thermal 
evaporation from Mffled Ta crucibles at a nominal deposition 
rate of 2-4 A /s. First, an approKimateiy 350 A layer of J3> £f ~ 
dipheny 1 ~M , N'-bisO - me t hyphe ny 1 } - 1 , l ~ hipheny 1 - 4 , 4 1 - di amine 
ITP&} may be vapor deposited on the cleaned ITO substrate .*■ A 

30 sample :&£ HlC 5 Ph 5 ^, {where M may fee Ge or Ph) may tben be 

heated to ca. 2£0®C, liberating : which may be deposited as 

a layer on top of the TPD film. The final thickness of the 

film may be about 400 A. An array of circular 250 mm 
diameter 1,000 A electrodes of approximately 10 li HgcAf atomic 

3S ratio may foe subsequently deposited by eo- evaporation from 

separate Ta boats. A $00 A thick layer of Ag may be deposited 
to inhibit atmospheric oxidation of the electrode. 
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A_ double heterost ruct^e J Sm$MM^ . Mk m:mP i ML ^ £^M^ 



A donfele heterost ruoture w&T &e fabricated by including a 
S separate emissive layer, wbich may be f ormed as doped or un~ 
doped tri^ aluminum Mq 3 , The double 

haterostructure may fee prepared subsfeantiaXly m described for 
the single tee^erostrueture structure, except that :«£t»* 
depositing the TPD layer and before depositing the organic 
10 free radical layer, a separate emissive layer of Alq 3 is 
deposited 

m. o leds mth j&i& mtt i ™ host 

In these particular embodiments, in which the alternative bast 
15 and/or dopant materials of the present indention were prepared 
and incorporated into an Ohm, the hole transport layer was 
compr ised of ®, ST- dipheny 1 ~ & , N $ - bia U-methylpheny) 1 - I 'bi phenyl - 
■4 ,.4* Si amine (TFB) , and the electron transporting layer was 
corr^rised of the doped or undoped t r i s - { S - hydroxyquinoxa 1 ine J 
20 aluminum or of doped or undoped Alq 5 ^ 

The hole transporting material m& and the electron 
transporting materials and were synthesized according 

to literature procedure a, &&d were sublimed before use. 

25 

Tfce dopant C M was purchased from Southern Chemiaal Woup, LLC, 
and used as received. 

the fei^pheMi-squarili^ dopant of formula XI and the indigo 
30 dye cOKJpound dopant teere purchased from Aldrich ehemical Co, , 
mc , , and subli^Bd twice tp §iye the pure green and purple 
crystalline materials, respectively - 

Alia^ (&1%) was prepared fay 

3S the reaction of aluminum trisisopropoxide **ith 

hydroxyqiiinoxaline in iisbpropahfel under argon* £sopropanbl 
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was dried over CaH 2: before use* The amount of the ligand taken 
far the reaction was in alight axcsss ; The iaopropanol 
mxtura was reflu&ed under argon for one and a half hotirs, and 
orange product was isolated foy rotar^apori nation, 

5 

Gallium tris {S-hydroxy^inoKaline} , (Sa%) was formed by 
mixing 200 ml water solution of <K2g Sa(l?Q^)^^0 and an excess 
of 1% alcoholic solution of the ligand at 6d*C> followed by 
10% ammonium hydroxide addition to make the solution slightly 
10 basic. > Orange precipi tat e vrad- obtained, and, after cooling, 
filtered off , The Qa% preparation was similar to that 
described in SpeatrocMiml&a Acta, 195£< Vol , 8, pp. 1- 8. 

For the reagents , S^hydro^y^i^o^alina was prepared according 
15 to S*K< Wm^mn, fryB,< gpaerri, J\ Org. Cham,, I2$i, 16, 438; 
aluminum trisisopr0po>£ide (?$ < 92% purity) and Sa im^ fXH 2 0 
{M< $W% purity) were bought from Xidrich Chemical Co, V and 
isop^opanol was obtained from Fisher Scientific, 

20 The XTO/Borosilicate substrates (XQOQ/sguare) were prepared 

using standard procedures v All the chemicals were resist ively 
heated in y&rious tantalum teats, TPO was first deposited at 
a rate from one to four A/s , The thickness was typically 
controlled at about 300 A< 

25 

The electron transporting layer Mx 3 ) was doped with 

various dyes (C^y the bisphsnol sqaariiiufn dye and the indigo 
dye compound of f ormula IX} . Typically, the dopant was f irst 
vaporised with the substrates cohered. After the rate of the 

3 0 dopant was stabilized, the host mater iai was wpori&ed at the 
prescribed rate, the cover over the substrates was then 
opened and the host and guest were deposited at the desired 
concent ration, *The rate of dopant was normally Q + i - A/s, 
The total thiokneas of this layer was controlled at about 450 

35 A> 
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The substrates were then released to air and Tnasfca were put 
directly on the substrates, The is&s&s are m&n§ of stainless 
steel sheet and catitaih Holes with diameters of: 0*35 « 0*5, 
•6.. TIB.,.- and 1*0 mn> The suftstrates were then put. back Into 
5 vacuum for further coating* 

Magnesium and silver were co^depo&xted at a rate norra&ily of 
2,4 A/b, The ratio of Mgs&g varied from 7:1 to 12x1. The 
itJtiekriess of this layer was typi daily about 500 A. Finally, 
10 1000 A Ag wa& deposited at the rate between one to four A/a . 

The I- V characteristics of these QIMX)® were measured and are 
shown for the doped and undoped Alx 3 in Fig, 13> The close 
similarity of the results with and without the dopant shows 
IS that the dopant is not perturbing the electrical properties of 
the device. 

For the O&EDs containing an emissive electron transporting 
layer of &i<| a las the host material with and without the same 
20 fluorescent dye dopant, wherein the energy match fee tween the 
host material and the dopant was poor) nearly all of the EI* 
einis&ioa was obtained f rom the 

25 A p>2S-S sample of 4-hydroxypyrazblo [3 4-d] pyrimidin^ is 

dissolved in 2 > 5 m& of acpeous 1,1 M $aOH* A solution prepared 
by dissolving 0,114 g of gallium nitrate in 1,5 mL of water is 
added slowly to the M&CM solution , A precipitate £ or^s upon 
addition of the gallium nitrate , The white precipitate was 

30 isolated by filtration, washed twice with aliqpiots of 

ethaBOl, and air driad* The isolated product < when excited at 
2S0 rm t has an emissibn mam^uin at 390 rim* 



m^mmm 



MmM^&iM o^:emmmM^£ Formula xrxi 
mmmm im of trig 

A solution of &gueous KDH is prepared by dissolving 1, 26 g 
§ iO,Q22S mol) in methanol, The KOH solution is idW to a 

solution of that was 

prep&red by adding 2,00 g 10,0038 tnol) to 100 mL of 
teteahy<3rof u^a CW) , creating an orange solution tMt was 
stirred at room teiaper&ture for 3 hours. The s^all amount of 

JO or&rsge preoipit^ts that f ormed was removed by f iltering th^ 
reaction mixture through Celite > The Celite washed with 
two io-mt portions of THF, The solvent was reeved from the 
combined fiitratea in vacuo leading a g^mmy bexga- prangs 
residue. The reaidua was triturated with mh of methanol and 

IS left to stir for one hour at room temperature. 

The product correaponding to Formula Kill was obtained as an 
orange powder that was collected, washed with 2 5 -ml. portions 
of penfcane arid dried in vacuo> Two additional crops were 
20 obtained from the filtrates in a similar manner, providing a 
total yield o? 0<746 g (63%) . The amission characteriaties of 
the compound at an excitation wavelength of 346 nm, were a a 
f ol lows * 

amission {solution} : 430 nm 

M emission (solid) r $17 nm 

30 

& 100 -mL Sehenk f lask is charged with l ... g g of 
triMtfcylM^ 15 mL of diethylamine , 2.0 g of 

fcrM 0,5$ g of Pdeijt, S. 175 g of 

triphenylpm>sphxne and 8*032 ot copper t II) iodide. The 
3S reaction mixture is heated fed reflux for 24 hours. The solvent 
is removed in vacuo, and the residue extracted with 70 mh of 
benzene, followed hy mh of diathyXether . Both organic 



extracts are filtered through alumiiia^ combined the 
scdv&jifc removed in wcuo< The resulting solid has a melting 
point of IBS *, .158 °C and shows strong blue £ luore^c^noe> 
E&cit&tion at either 2SS or 3 SO n® fives luminescence centered 
§ at 402 am> 

■j&L^ ai * ^S J Saa ^ m Mi$& material 

according t^ 

A transparent s^b^trate ie/gr- glass or plastic) is precaated 

10 with an iMium tin oxide COD) layer having a afeeet resistance 
of about IS 0/eguare > The aubetrate may be cleaned by 
thorough biasing in de ionised water, 1* i^i-trichIoroeithane> 
acetone and methanol, and drie<3 in mxe nitrogen gas between 
each step, The cle^n, dry substrate is then transferred to 

15 the vacuum deposition System > All organic and metal 

depositions may then be carried out under high vacuum (< 2 x 
i(F*' torr) . Depositions are carried out by thermal evaporation 
from baffled Ta crycibles at a nominal deposition rate of 2-4 
ang^troxns/second* First, an approximately 350 A layer of 

20 tt t m - diphenyi -N* N ' -bis { 3 -«t bylphenyl I - 1 , 11 - Mpheny I -4,41- 
diamine (TPD! may be vapor deposited onto the cleaned ITO 
substrate, h sample of a compound according to Formula XII 
and a selected fluorescent dye are then heated in separate Ta 
boats to deposit a film on top of the TB> film that is a 

25 mixturfe of 0/1-10 mole % dye in the receiving compound 

according to Fortmila XII \ The emission color of the OLED will 
be dictated by the Inmine&o&nt properties of the dye itself, 
and can span the entire visible spect rum by appropriate choice 
of the dye. This mixed film according to the present 

30 invention is deposited to a thicteesa of about 400 k* An 
array of circular, -mm diameter, 1000 -A electrodes of 

approximately 10 ;1 Hg;Ag ratio may be subsequently deposited 
by co>- evaporation from separate Ta boats , A 5Q(S -Av thick layer 
of &g may then be added to inhibit atmospheric oxidation of 

35 the electrode; 
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1IL Preparation of an MMt cpnt^i MiM.m^ml^ivje material 

A t^mm^mtmm substrate (e>g< glass or plastic I is preccated 
with an iadium tin oxide {ITO} layer having a sheet resistance 
5 of about; XS ohm/ square, the substrate may be cleaned by 
tfewougfe rinsing in aeioniss^ W£tfer> I^i*i^fcrichlo^o^thane> 
acetone and methanol, and dried in pure nitrogen gas between 
each step* The clean, dry substrate is then transferred to 
the mcmiim deposition gystem+ Ml organic and metal 

10 deposit ions may then be carried out ^nder high vacuum {< 2 x 
iflf* torr) , Depositions are carried out by thermal evaporation 
item bkt£ £&$ Ta ■ ■■crucible* at a nominal deposit ion rate of 2-4 
angstroms/second . First , a sample of a compound according to 
Formula XIII and a selected fluorescent dye are heated in 

£5 separate Te boats to depo&it a film on the cleaned substrate 
that is a mixture of 0,1-10 mole % dye in compound XI . The 
emission color of the OLEP will be dictated by the luminescent 
properties of the dye -itself, and can span the entire visible 
spect mm by appropriate choice of the dye. This mixed film 

20 according to the present indention is deposited to a thickness 
of about 400 angstroms, Hexfc a film of a suitable hole 
blocking material is deposited* such as xoo A of an o&adiasole 
derimt ive {e,g> 2 > {4 -Mphenyl}> (4 - tert-butylphenyl) - 1> 3,4- 
oxadia^ole) * followed by film of an electron transport ing 

25 material tea, 300 &} TO^h »s alumirmmtri 

Mi array of circular, 0 ,25 -ram diameter^ XOOO-A electrodes of 
approximately 10:1 Mg :&g ratio may be subsequently deposited 
by co- evaporation from separate Ta boats. A SOO A thick layer 
of Ag may then be added to inhibit atmospheric c&idation of 

30 the electrode. 

Those of skill in the art may recognise certain tnodif icatioo^ 
to the various embodiments of the invention, which 
modificat ioris are meant to be covered by the spirit and scope 
35 of the appended claims. 
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1, An organic light fitting device compriBing an 
elactroluminesQent layer between a pair of electrodes herein 
a protection layer is present between said electroluminescent 
layer and at least one of Said electrodea > 

2 , l?he organic light emitting device of claim X wherein said 
electroluminescent Xsyer is contained in a .-^t^^^psxct^m'. 
producing ele:ctl^luminescence with said protection layer being 
Between a hole transporting layer and an anode l&yer. 

3. The organic light emitting device of claim 2 wherein said 
heterp^truetura is a single heterostrueture ♦ 

4. The organic light emitting device o| claim 2 wherein $aid 
heterostrtictiire is a double hete^striict^^" 

The organic light emitting device of claim I wherein said 
protect ion layer is cotaptised of a perylene, naphthalene , 
ieoquinoline, phthalocyanine or ph&narvthroline based compound. 

The organic light emitting device of claim 5 wherein aaid 
compound i$ 3 , 4 , 9 f xo-perylenetetracarboxylic dianhydtide? a 
phthalocyanine compound; 3 f 4 1 T,S~ naphthalene 
dianhydride ?■ 3 , 4> 9> 10 -perylenetetracarhoKylic di&nhydride; 
Ms (1 ,3 ,5- 1 Madia ml ®i ~p ~ quinofeis (i, 3 - di thiol e) ; i« 4 > 5, 8 * 
naphthalenetetr^ di&nhydridf ; 




where E ;« H, alley! or aryl ; 
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wbere R « H, alkyl or arylt 

a cot?^o^a<i towing the Ch index n&tee, hisbenMmi^ 

diofie ; 

a aompou&d fearing the index name, 

bi&naphthX2 ' * 3 * :4 y S] -imidasso (2, i~& : 2 * < 1 ' ~a*3 antftra { 2 , l , j~ 
de£ i6< S , iO-a'e'f*} diiaoguinoXine-ie^^ 

a o^Dussd toeing the CA ind&s: name, ^i^i^^asiimi^aiio Ea-^-ii- 

& -i .2 ;: * p 1 ' - x I ben$o ( Imrt] 1 3 , 8]phenanthroIi ne ~ 8, i~ one ; 

a compound having the C& index name, 

benso [Irani bisnaphth £2 ' 3 V : 4 5] imida£o|2 , l~b;2 ' 1 ' - 

X 1 13 , Si phenant hrol ine - S, 20-dione i 

or a substituted derivative of one of aaid compounds 

7. The organic light emitting device of claim £ wherein said 
protection layer comprises said 3,4,9, ID- 
peryiene tetracarbc^ylic di anhydride > 

a. Th^ organic light emitting device of claim 5 wherein said 
protection layer comprises copper ptatfealocyaniBe, 

?. The organic light emitting device of claim 2 wherein said 
het^roBtructure contains an electron transporting layer 
comprised of an organic free radical. 

iQv The organic light emittihg device of claim 2 therein said 
heterostrtiatmre for producing electroluminescence contains an 
emissive layer comprised of a host material and a dopant, aaid 
host material being comprised of a metal complex of {5- 
hydroxyjrpxnoxaline having the chemical atr^ctare of formula? 
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herein if H is Al, m or In, then n - 3, and if M U m or 
Kg, than n S\ 

Xi, The organic light emitting device of claim 10 wherein 
B&id dopant is comprised of a bispfeenyl-squartiium compound of 
formula ? 



wherein % t R$ and R 4 are, teiapersdaBtly of each other, an u 
n^ubstituted or substituted aikyl> aryi or hefcerosyole, and % 
and R# are, Independently of each other, an imstifep^ 
safest i tut ad &lkyl* aryi, OH or 





wherein X . # NH, MR ? , I, Se> Te> or 0, herein % is alJcyl or 
phenyl , a&$ R ? and H s are, independently of each other, art 
UH&ufcskituted or auh£fcitufc&& alkyl or aryl group f a n-electrDn 
donor group or a n -election acceptor group. 

13 . The organic light emitting feice of elaim 10 wherein 
said dopant: comprises a fullerene eoif^otmcL 

14. *The organic light emitting daviee of claim 2 wherein 
heteroetructurB contains an emisBx^a layer comprised of a hast 
material a dopant , said dopant being comprised of a 
cappound of formulae 




wherein R u % &n<i R 4 are, ih4e^£^dently of each other, an 

aryl or heterocycla, a^d % 
and % are, MdepeMently of each other> an ^substituted or 
0ufcstituted alkyl , aryl, OH or 

iS . The organic light emitting device of claim 2 wherein said 
het^rostructure contains an emiaBi^e layer cott^rised of a host 
material and a dopant, said dopant feeing comprised of m 
indigo dye acm^mM of formula ,t 
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Whetein X « NH* &R$, S, Se, Te, or 0, #rem E s is alkyl or 
phenyls and R ? and R* are, independently of each other, an 
unsubstittited or s^stitutea &lkyl or aryl group, a n~electron 
doxior group or a n:»eia0troB acceptor group, 

The organic light emitting device of claim 2 wherein said 
hetaroatruetura contains an emissive layer coi^rised of a host 
material and a dopant, said dopant being comprised of a 
fulierene compound* 

17, The organic light emitting define of claim 2 wherein said 
heterostruot&re contains? an emissive layer comprised of a hoar 
compound represented by f ormula. : 




wherein M is m » of a divalent or trident metal atom, 
therein whan M is trivalent, n 3, and ^hen M is divalent, 
then n ** 2, wherein the metal a&oss iss selected from the group 
aonaieting of alumimim^ gallium, indium, and zinc, and wherein 
X, Y, and £ are a&oh ihdiyi^ 
&uoh that at least two of K f Y and Z are 8T> 

18, The organic light emittixig device of claim a wherein sM4 
h^terostrncture contains an eMssive layer comprised of a host 
compound having a structure rapreaented Formula % 
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wherein R is al&yi* phenyl* substituted &lkyi* substituted 
jphe^yl, trim&thylsilyl, or subs ti feu ted tri^thyiBilyl r 

19 , The organic light emitting device of claim 1 wherein 
organic light emitting devise in included as one of a 
plurality of organic light emitting layers in a stacked 
arrangement; and a downcon^ersion phosphoir layer is dispos&d 
between any two of said plurality of organic light emitting 
layers . 

20, r The organic light emitting de^i&e of claim 1 wherein said 
organic light emitting device is subs tan tidily tran^p^^eat and 
a low- reflectance absorber xs axr$ng#<l proximate to the 
substantially transparent organic light emitting device &o as 
to form a high contrast light emitting display. 

21 , fbe use of the organic light emitting device of sl&im 1 
in a panel display, vehicle, corRputer, televlaio^, printer, 
wall screen, theater screen, stadii*m, electronic device, 
lighting devioe< la&er, screen billboard or sign. 

ZZ> An organic light emitting device comprising, in aequer*oe< 
a ^ubafcrate; 
a cathode layers 
an electron transporting layer; 
a hole transporting layer? 
a protection layer? and 
an anode. 



23 v The organic light emf tfeing device o£ claim 22 Wherefft 
said protection layer is comprised of a perylene y naphthalene, 
isogoinoline, phthalocyanine or phenanthralia^ based compound. 

24, the organic; light emxttiag device of claim 23 wherein 
said compound is S f 4 , 9 , dianhydride; 
3 , 4/7 , diaahydride; 3,4, 9 , 10- 

p^rylene t et raca rfaoxyl ic di anhydride bis ( l y 2, 5 - thiadia^ola ) 
guinobxs (1 i 3-dithiole) ; 1, 4 , 5, . fi-r naphthalene t^tra^ar1»xylic 




where ft ^ H* 



or 




where R 8* alfcyl or aryl ; 

a compound having the (1 index we, feisben2xmida^o|2 r l- 

a rt* >2> anthrala, 1, :6 y BflO-dVf*!^ 

dione; 

a compound having the CA i&dex name, 

bisxiaphth [2 " , 3* sivS|:W -a'] anthra [2 ,1, 9- 

de£ ; S * 5 r 1 0 *a*8? £ *} dilaoauinol ine - 10 , 21 - didxie ; 
a compound having the €& index tiam^V feisben^imldaxo ta f i> 
b:Z- *X ■ -i) p?nhJ |3* SI phe&attkhrol ine-a f 1 -dione ; 



a compound Having the CA index name, 

b&xi&o f Imnlbi^^ : 2 > 1 * - 

X 3 1 3 * 8] phatpant hro 1 ine - 9 f 2 0 - d i one ; 

or a sufeat i tilt ted derivative of one o f said compounds* 

25 < The organic light emitting 4a^ice of claim 24 wherein 
said protection layer eompris&a said 3 , 4, 9, 10- 
peryleiiet^trac^^ diwhydride r 

The organic light emit ting device of claim 23 wherein 
said p tot $ct ion layer comprises copper jphthalocyanine* 

& method of fabricating an organic light emitting device 
for producing eiactroluminesoence comprising; 

f abricating a h^terostruct\ire f or prod&cijaf 
^lectrplumiiiescence, laherein the fabrication process 
include® the &tep o£ depositing a protection layer on a 
hole transporting layer and then depositing an indium tin 
oxida anode layer on aaid proteetiosx layer, 

m. The method according to claim 27 therein said pr^t^cfcioft 
layer is comprised of a perylene, naphthaiene, iso^ulnoline, 
phthalocyanine or phenan^hrolln^ baaed compound. 

39 * the organic light emitting &m&e® of claim 28 wherein 
said compcmnd is 3/4,3^1$^ dianhydride; 
3 # 4 , 7 y B - napht ha 1 ertet e t racarfooxyi ic dianhydr i de j 3 1 4 , 9 , i o * 
perylenetet raoarboxyi ic dianhydride ; bis {I f 2> 5 - thiadiasoio} -p- 
quinofeiss (X t 3 ~di thiole) ; 1 , 4 : , S , 3 ~&&phthaienetet raoarbaxylic 
di anhydride; 




where R » H, al&yl or aryl ; 




mmxB R w H, alfcyl or aryl? 

a compound having the C& indasc naine f Mstoensimicla^ofS,!- 

a s 1 * , 2 ? ant Bra [2, 1, $ - def s &, 5, 10 -4* e* f ■ ] di I sogui nol in e - X 0,2 1 

dione; 

a compound having the CA index name v 

Msnaphth f2 * ,3 * :4, Sj imidaso [2;, 1-a ,1 s -a*} ant fcra [2 > 1 , SK 

def S > lO-d'^r) diisoquinoline- 10 , 21 -dione; 

a compound having the CA index name, hisbensimidaso £2> 1- 

b:2* ,1 ' - ij ben&Q limn] 13 , Slphertanfehrolina-S f l-dione; 

a coi^pound having the CA index name, 

benzol bisnapht h'| 2 ' , 3 * 1 4 , 5} imid&za [2 , X~b : 2 * X * - 

I] |3 , &J pthenanthroIiBe^S yM-dione; 

or a substituted derivative of one of aaid expounds. 



30* The method according to claim 29 wk&mi# said ^oteetion 

layer is comprised of said 3 , 4 3,1^ 

dianhydride. 

31 , The method according to claim 28 wherein said protection 
layer coistprises copper pit ha locyanine, 

32 . The method according to claim 27 wherein the fabrication 
process includes the -Step* of ; 

(a) depositing indium tin dxiite at a low deposition rate 
to form a protective indium tin oxide layers and than 

(foj depositing indium iixt o^ide at a suhstantiall^ 
higher deposition rate. 
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33 , The method according to claim 2? wherein the fabrication 
process includes the step of heating an orgariom^taXiie complex 
under vacuum conditions to a temperature sufficient to cause 
the o^ganometaiiia complex to form organic free radicals from 
the gas phase to form an electron transporting layer. 

M * t$m method recording to claim 2? wherein the fabrication 
process include a the step of d^pq^iti&g a layer compri&ed of a 
hosst material and a dopant , said dopant being comprised of a 
compound of forrmxlar 



0. lg 




wherein R u %< R$ and % are, independently of each other, an 
imsubstituted or substituted aikyi, aryl or heterocycle, and % 
and R$ are, indepeh^ each other, an unsabati touted or 

OTbst itufeed alkyi, aryl , OH or £1%, 

35 < The method according to claim 2? wherein the fabrioation 
process includes the step of depositing a layer oomprised of a 
host material and a dopant, said dopant feeing comprised of an 
indigo dye compound of forsn&la; 




wherein & - KH f Se ? Te, or D> wherein R $ is alkyl or 

phenyl , and R 7 and H $ are , independently of each other, an 
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vnmb&timz$4 or substituted alkyl "m aryl group, a n-aleotran 
donor group or a tj^eleotron acceptor group, 

35, The metteod according 'to claim 2? wherein the fabrication 
process includes the step of depositing a iay&r comprised of a 
test material and a dopant, said dopant being comprised of & 
f ul lerene compound . 

37. An organic light emitting device coi^rising a 
heteroatructure for producing elect roiuminesceiioe, wherein 
said hetaro^trticture contains ; 

(I) an electron transporting layer comprised of an 
organic fi r^e radical ; 

{35 an emissive layer eo^rised of a host material and a 
dopant, said boat material being comprised of a metal complex 
of {S-hydro?cy) quindxaline having the Mmmiml at mcture of 
C^r^nla; 




therein wheit H is Al , Ga or In, n .« 3, and Mien M is Jjn or M*fc 
n 2; 

{3) an emissive layer comprised of a host material and a 
dopant f said host material being comprised of a compound of 
formula i 
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wherein & x * R 5 , R 3 and R* are, Independently of each otter, an 
uasufe^ aikyl, aryl or hefeerocycla, and % 

and R* are, iMepeni^ntly of each other, an unaubstituted or 
subst ituted alkyl , aryl f OH or HK^i 

(4) an emissive layer eo^riaed of a host material ahd a 
^pant, said dopant being comprised of an indigo dye compound 
of forrmilat 




mmmn K » m» NR., s; Se, Te, or 0 # ^herein R s is alfcyi or 
phenyl, and R, and are, ind^eMently of each other, an 
unsufestitut^a or substituted alky I or aryl group, a ^-electron 
donor group or a ^electron acceptor group; 

m an emissive layer comprised of a host material and a 
dopant < said dopant being comprised of a fullerene compound :? 

£€) an emissive layer comprised of a host material and a 
dopant, said host compound being represented by formula; 




wherein K is m ion of a dival^ht or trivalent metal atom, 
therein when M is trivalent, n - 3* and when M is ai^aient, 
then n * 2* wherein ?nefeal &&om is selected from the group 
consisting of aluminum, gallium, indium, and zinc, and wherein 
K, Y f and z are each individually and independent ly C or N, 
snoh that at least two of & 4 T and Z are N; or 



(?) an emissive layer comp^iaedi o£ a hom material and a 
tioprntt said ho^t compound being represented by formula; 



wherein R is alkyl, phenyl, subs titut ad alky 1, suMtituted 
phenyl, trimetfeylsilyl, or substituted trimethylsiiyi ... 

'39 > A high contrast light emitting display qorapri&ing; 

a substantially tr&n&parent orgenio light fitting 
deviea ; and 

a low- reflectance absorber arr&a^ed proximate to the 
aufestantially trarisp&re&t organic light emitting deMee* 

33. a light emitting devise comprising: 

a substrate; 

m plurality of organic light emitting layers in a stacked 
arrangeTttent o^er said substrate; and 

a dowiaoxw^rsion phosphor layer disposed between any two 
of said plurality of light emitting; layers. 

40 , A light emitting device co^rt^x^gi 

a substrate? 

a filter ^truct^re over said substrate; 

a domcohvereicn phosphor layer over said f ilter 
structure; 



N 
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an organic light emitting iMymr over said do^ncDm^emi^ri 
plio0phor layer. 
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